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PREFACE
The knowledge and experience gained during years of science studies in the aftermath of 
the Exxon Valdez oil spill (EVOS) confirmed that understanding the sources of changes 
in marine resources and ecosystems requires putting those changes into a historical 
context. Toward this end, in 1999 the EVOS Trustee Council dedicated funds for long-
term monitoring and ecosystem-based research in the area affected by the 1989 oil spill, 
which is the northern Gulf of Alaska (GOA), including Prince William Sound, Cook Inlet, 
Kodiak Island, and the Alaska Peninsula. This program is called the GEM (Gulf of Alaska 
Ecosystem Monitoring and Research) Program. GEM’s mission is to sustain a healthy and 
biologically diverse marine ecosystem in the northern GOA and to sustain human use of 
the marine resources in the ecosystem through greater understanding of how productivity 
is influenced by natural changes and human activities.

As part of the GEM Program, scientists cooperated to compile the scientific knowledge of 
the GOA. That scientific compilation, updated, makes up the content of this book, The Gulf 
of Alaska: Biology and Oceanography. 
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CHAPTER1
Introduction
Phillip R. Mundy and Robert Spies

1.1 THE GOA AT A GLANCE 
The conceptual foundation for the Gulf of Alaska 
(GOA) ecosystem explains how its plant and ani-
mal populations are controlled through time. The 
conceptual foundation is the product of syntheses of 
the latest scientific information and an assessment 
of leading ecological hypotheses. It encapsulates 
our understanding of how the GOA operates as an 
ecological system and how its biological resources, 
including highly valued populations of animals, are 
regulated. Citations to scientific literature are omit-
ted in the following paragraphs for the sake of brevity. 

If watersheds and marine areas of the GOA are 
looked at together, the importance of key geological 
features in shaping the natural physical and biologi-
cal forces that control productivity is apparent (Fig-
ure 1.1). Features illustrated in Figure 1.1 are in 
bold in the following text. Natural forces are shaped 
by the surface topography of the GOA. Storm tracks 
moving across the North Pacific from west to east 
can drive Aleutian low pressure systems (Aleutian 
Low) deep into the GOA until the encounter with 
boundary mountains causes the release of precipita-
tion and airborne contaminants. Freshwater runoff 
strengthens the Alaska Coastal Current (ACC) even 
as it brings airborne and terrestrial pollutants into 
the watersheds and food webs. 

Natural forces that control biological productiv-
ity are also shaped by the submarine topography 
(bathymetry) of the continental shelf. Deep waters 
upwell across the continental shelf break, subse-
quently being carried across the photic boundary 
into areas of photosynthetic activity by the motion of 
surface currents (ACC, Alaska Current [AC]), lunar 
forcing, the motion of the earth, and tidal mixing. 
These deep waters carry old carbon and nutrients 
up into the food webs of the shelf and onshore 
areas. Where the deep waters encounter islands, 
seamounts, and sills, the resulting currents may de-
form the boundaries of the frontal zones of the ACC 
(mid-shelf front) and AC (shelf-break front), creating 
eddies that entrain plankton and other plants and 
animals for long periods of time.

Natural physical forces control productivity by limit-
ing the amount of food and availability of habitats. 
During the winter especially, the Aleutian Low 
produces wind-driven transport of surface marine 
waters (Ekman transport), bringing water onshore. 
Movement of water onshore creates downwelling 
that takes plankton and associated nutrients out of 
the photic zone. On the other hand, the wind may 
act to hold the nutrients dissolved in water and held 
in detritus in the photic zone in some areas, because 
wind also produces turbulence that mixes the sur-
face water. Turbulent mixing causes nutrients to be 
retained in surface waters, and retention increases 
production of phytoplankton, the base of the food 
web in surface waters. Production of zooplankton, 
secondary productivity, is the trophic connection 
(linkage) of phytoplankton to production of forage 
fish, which in turn links primary productivity to 
seabirds, large fish, marine mammals, and benthic 
and intertidal communities. 

The biogeochemical cycle is an important collection 
of natural biological and physical processes control-
ling the productivities of both marine and terrestrial 
environments. The mechanisms that move carbon 
from the surface to the deep waters are known col-
lectively as the carbon pump. Atmospheric carbon 
moves into seawater as carbon dioxide to be incor-
porated by phytoplankton during photosynthesis. 
Carbon also enters the sea as carbonates leached 
from the land by freshwater runoff as plant debris, 
and as other biological input such as immigrations of 
salmon (salmon fry) and other anadromous species. 
Carbon moves to benthic communities and to deep 
water as detritus and emigrant animals (overwin-
tering copepods and migrating fish such as mycto-
phids). Emigrant animals (adult salmon and other 
anadromous species) also move marine carbon (and 
phosphorus and nitrogen) into the watersheds.

As illustrated by the interactions of biological and 
physical components of the biogeochemical cycle, 
natural biological forces modify the effects of natural 
physical forces on birds, fish, and mammals. Because 
of biological-physical interactions, natural physical 
forces that cause changes in primary productivity do 
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not necessarily cause proportional changes in popu-
lations of birds, fish, mammals, and benthic animals. 
For example, the effects of physical forces on the 
amount of food available from primary productivity 
are modified through other natural forces, such as 
predation and competition among individuals, col-
lectively known as the trophic linkages. Populations 
that respond strongly to physical forcing of primary 
productivity on approximately the same time scales 
are termed “strongly coupled,” and those that exhibit 
variable responses are termed “weakly coupled” with 
respect to those physical variables. Note that physi-
cal forcing changes not only the food available from 
primary productivity, but also the extent of habitats 
available for reproduction and feeding.

Human actions also serve to change the ways in 
which populations of plants and animals respond to 
the natural physical forces that affect the responses 
of reproduction, growth, and survival through limit-
ing food and habitat. Human actions such as water 
withdrawals, sewage discharge, and development of 
coastal communities change productivity by alter-
ing habitat availability and trophic linkages. The 
economy of Alaska depends heavily on extraction of 
natural resources (primarily oil, fish, and shellfish 
followed by timber and minerals). Fishing and other 
extractive uses (subsistence, sport, commercial) 
affect death rates through removals. Other forms 
of human action are more subtle, but no less effec-
tive, controls on productivity. In the northern GOA, 
recreation and tourism, oil and gas development, 
logging, road building and urbanization, marine 
transportation, and subsistence harvests are all 
activities that have the potential to affect fish and 
wildlife populations and habitat. Recreation and 
tourism may alter growth and reproduction by dis-
turbing rookeries and introducing pollutants. Com-
mercial marine transport may alter productivity by 
introducing pollutants (oil spills) and noxious exotic 
species as competitors and predators. Currently, 
the human impact on Alaska’s marine ecosystems 
is relatively small compared to impacts in most of 
the developed world. Even here, however, natural 
resource managers have concerns about localized 
pollution, the potential impacts of some fisheries, 
extreme changes in some fish and wildlife popula-
tions, and the little known impacts of contaminants 
and global warming.

In summary, Figure 1.1 shows that the GOA and its 
watersheds are part of a larger oceanic ecosystem 
in which natural physical forces such as currents, 
upwelling, downwelling, precipitation, and runoff, 
acting over large and small distances, play impor-

tant roles in determining basic biological productiv-
ity. Natural physical forces respond primarily to 
seasonal shifts in the weather, and in particular to 
long-term changes in the intensity and location of 
the Aleutian Low in winter. Increased upwelling 
offshore appears to increase inputs of nutrients 
to surface waters, which increases productivity of 
plankton. Increased winds appear to increase the 
transport of zooplankton shoreward toward and past 
the shelf break. How often and how much offshore 
zooplankton sources contribute to coastal food webs 
depends on natural physical and biological forces 
such as predation, migration, currents and struc-
ture of the fronts, formation and stability of eddies, 
degree and extent of turbulence, and responses of 
plankton to short and long-term changes in tempera-
ture and salinity. 

A wide range of human impacts interacts with 
natural biological and physical forces to change 
productivity and community structure in the GOA. 
Approximately 71,000 full-time residents live within 
the area directly affected by the 1989 oil spill and 
two to three times that number use the area season-
ally for work and recreation. The spill area popula-
tion, combined with that of the nearby population 
centers of Anchorage and Wasilla, totals more than 
60 percent of Alaska’s 627,000 permanent residents. 
When the resident population is combined with the 
more than one million tourists who visit the state 
each year, it becomes clear that the natural resourc-
es of the GOA cannot be immune to the pressures 
associated with human uses and activities.

Because of the tremendous uncertainty about sourc-
es of long-term changes, the conceptual foundation 
does not provide a specific model (testable hypoth-
esis) for ecosystem change. Rather, the conceptual 
foundation is designed to be broad enough to serve 
as a tool to encompass ecosystem interconnections, 
and to link information from traditional knowledge 
and scientific disciplines. It takes into account both 
oceanic and terrestrial ecosystems and addresses the 
influence of climate and human activity in influenc-
ing biological productivity within these intercon-
nected systems. 

As a start on a central hypothesis, consider the one 
provided by the National Research Council (NRC 
2002, p. 27), as follows: 

The Gulf of Alaska, its surrounding watersheds, and hu-
man populations are an interconnected set of ecosystems 
that must be studied and monitored as an integrated 
whole. Within this interconnected set, at time scales of 
years to decades, climate and human impacts are the two 
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most important driving forces in determining primary pro-
duction and its transfer to upper-trophic-level organisms 
of concern to humans.

The NRC summary identifies climate and human 
impacts as the two most important determinants 
of biological production, among the many forcing 
factors recognized as significant in the conceptual 
foundation. Nonetheless, the biological communities 
that support the birds, fish, and mammals are sub-
ject to a variety of biological and physical agents and 
factors of change, any one of which can at times play 
an important, and even dominant, role in controlling 
populations of birds, fish, shellfish, and mammals. 
A central hypothesis that starts with and considers 
the full suite of forcing factors is needed to identify 
the most important forcing factors for species and 
habitats of the region.

1.2 LEADING HYPOTHESES
This section reviews leading hypotheses that explain 
changes in biological production as a result of natu-
ral and human activities.

1.2.1 Match-Mismatch Hypothesis

The essence of the match-mismatch hypothesis follows. 

• Populations of organisms are adapted to certain 
environmental conditions.

• When those conditions change rapidly, predator 
and prey populations may not track in the same 
way.

• As a result, transfer of energy into the higher 
levels of the food web is compromised. 

Figure 1.1. The physical and biological elements of the ecosystems of the northern Gulf of Alaska 
from the mountains surrounding the watersheds to the ocean waters offshore.
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This hypothesis has been proposed by Mackas to 
explain changes in production with the slow shift to 
earlier emergence of Neocalanus copepods at Ocean 
Station P in the last several decades (Mackas et al. 
1998). The match-mismatch hypothesis was also 
invoked by Anderson and Piatt to explain ecological 
changes observed in a long time series of small-
mesh trawl sampling around Kodiak Island and the 
Alaska Peninsula (Anderson and Piatt 1999).

1.2.2 Pelagic-Benthic Split

Eslinger et al. (2001) suggested that strong inshore 
blooms of spring phytoplankton that occur in con-
ditions of strong stratification put more biological 
production into the benthic ecosystem, in contrast 
to weaker, but more prolonged, blooms that occur 
in cool and windy growing seasons. Under the lat-
ter conditions, it has been proposed that biological 
production is more efficiently used by the pelagic 
ecosystem and that relatively less of the production 
reaches the benthos. It is conceivable that during a 
series of years in which one condition is much more 
prevalent than the other, food might be reallocated 
between pelagic-feeding and benthic-feeding spe-
cies and be reflected in changes in these popula-
tions. Strong year classes of particular long-lived 
species also might result from conditions of strong 
stratification causing more biological production or 
weaker blooms, leading to dominance of the system 
by certain suites of species. 

1.2.3 Optimum Stability  
 Window Hypothesis

Gargett (1997) proposed that there is a point in 
the range of water stability below which water is 
too easily mixed downward, resulting in less than 
maximum productivity, and above which the water 
is stratified to the extent that it resists wind mixing. 
Gargett proposed that the fluctuating differences in 
salmon production between the California Current 
and subarctic gyre domains are ultimately the result 
of these two systems being on different parts of this 
response curve at different times.

1.2.4 Physiological Performance and  
 Limits Hypothesis

A number of explanations for long-term change 
more simply propose that the abundance of certain 
species, mainly fish, is a direct response to their 
physiological performance at different temperatures. 
Under this hypothesis, the changes in dominance 
of cod-like fishes and crustaceans that were seen   

in the northern GOA around 1978 and in eastern 
Canada around 1990 were initially a response to 
warm (ascendancy of gadids) or cold (ascendancy of 
crustaceans) water temperatures. In other words, 
the main agents of change are the direct effects of 
water temperatures acting on physiological func-
tions of individuals, in addition to the combined 
effects of freshwater input, winds, and temperature 
on ecological processes.

1.2.5 Food Quality Hypothesis

The food quality hypothesis is also referred to as the 
junk food hypothesis. It attributes declines of many 
higher-trophic-level organisms observed in the last 
several decades (harbor seals, sea lions, and many 
seabirds) to the predominance of suites of forage 
species that have low energy content (less lipid) than 
previous food sources (for example, gadids and flat-
fishes). Consistent with this hypothesis is evidence 
from the Exxon Valdez Trustee Council’s Alaska 
Predator Ecosystem Experiment program, which 
showed that it takes about twice as much pollock as 
herring to raise a kittiwake chick to fledging during 
the nesting season (Piatt and Van Pelt 1998, Piatt 
2000, Romano et al. 2000). With the relative rarity 
of capelin and sand lance in the diets of seabirds in 
Prince William Sound (PWS) during the last several 
decades, it seems that many of the population de-
clines might be at least partially attributable to the 
role of these fatty fish in seabird diets. The change in 
food sources has been advanced for marine mammal 
populations that have been in decline.

1.2.6 Fluctuating Inshore and Offshore 
 Production Regimes Hypothesis

Although the fluctuating inshore and offshore 
production regimes model is closely related to the 
Gargett hypothesis of an optimum stability window, 
it proposes that under the same set of atmospheric 
forcing conditions opposite production effects are 
seen inshore and offshore. Figures 1.2a-d illustrate 
some features of this model. 

The model was developed from observations during 
the last several decades that populations of many 
seabirds, harbor seals, and sea lions, which forage 
mainly in inshore waters, have been declining while 
marine survival of salmon and high levels of offshore 
plankton and nekton suggested that offshore produc-
tivity was very high. It is proposed that the various 
manifestations of climate forcing have combined 
since about 1978 (positive Pacific decadal oscillation 
[PDO]) to make the ocean more productive offshore. 
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Characteristics of the offshore ocean include more 
upwelling of deep nutrients and a mixed surface 
layer that is shallower and more productive. These 
same climatic conditions are proposed to have made 
the inshore areas of the GOA less productive. During 
the positive PDO (Figure 1.2 A,B), greater freshwa-
ter supply (precipitation on the ocean and terrestrial 
runoff) results in greater-than-optimal nearshore 
stratification. Also, during the positive PDO , greater 
winds cannot overcome the stratification during 
the growing season, but do inhibit the relaxation of 
downwelling. Therefore, fewer nutrients are sup-
plied to the inshore regime from the annual run-up 
of deep water onto the shelf. During a negative PDO 
(Figure 1.2 C,D), the opposite pattern in biological 
response results from a colder, less windy, and drier 
maritime climate. 

1.2.7 Human Impacts Hypotheses

Hypotheses on human impacts explain alterations 
of ecosystems as the result of human activities. 
Changes in species composition, alteration of the 
relative abundances of species and their food spe-
cies, and changes in production and productivities 
of populations of plants and animals are widely ac-
cepted as being consequences, to some degree, of hu-
man activities (Jackson et al. 2001). An important, 
constant dilemma in the history of natural resource 
management is distinguishing between human and 
non-human causes of fluctuations in production of 
biological resources through time (Mangel et al. 
1996, NRC 1999). Indeed, this classic dilemma is the 
origin of the central hypothesis. A large body of ex-
isting hypotheses, summarized below, view specific 
human activities, such as harvesting and pollution, 
as causes of changes in biological production that are 
direct or indirect sources of mortality for plant and 
animal populations, including those of humans. 

1.2.7.1 Theory of Sustainable Fishing 

According to the theory of sustainable fishing, it 
is possible to strike a balance between the losses 
caused by human and natural forces, and the gains 
due to reproduction and growth, such that the 
abundance of a species in an area remains constant 
through time. Also known as the deterministic the-
ory of fishing (Quinn and Deriso 1999), this theory 
has intellectual origins in the equation of logistic 
population growth first introduced in this context 
in 1837 (Quinn and Deriso 1999), and in even older 
concepts of population regulation that can be traced 

to the late eighteenth century (1798). It is well 
known that the ideal of a constant population size 
regularly producing predictable amounts of biomass 
for human consumption in perpetuity is rare in the 
case of wild populations (1973) (Ricker 1975, Quinn 
and Deriso 1999). Nonetheless, this ideal is the ba-
sis for the legal, scientific, and popular concepts of 
sustainable uses of all types of renewable natural 
resources, and it motivates the need to distinguish 
between, and to help quantify, natural and human 
caused sources of mortality. 

The original basic theory of sustainable fishing has 
been expanded to include the concept that the process 
of fishing sustainably for one species may not con-
stitute fishing sustainably for other species (Quinn 
and Deriso 1999). For example, one of the operating 
hypotheses for investigations of causes for decline 
of the Steller sea lion in the GOA by the National 
Marine Fisheries Service (NMFS 2002) is that the 
declines are due to commercial fisheries out-compet-
ing the sea lion for food. Starvation and associated 
nutritional stress are hypothesized to be direct agents 
of mortality and causes of lowered reproductive rates.

Fisheries are also hypothesized to compete with ter-
restrial species by lowering the overall productivity 
of watersheds in the region and adjacent areas, 
thereby also reducing the production of salmon that 
originate in those watersheds (Finney 1998; Gresh et 
al. 2000; Finney et al. 2000, 2002). Transport of nu-
trients from the marine environment to the watersheds 
by anadromous species, principally Pacific salmon, 
is thought to be important for sustaining the overall 
productivity of some types of watersheds, including 
the salmon species themselves (Mathisen 1972; 
Kline et al. 1990, 1993; Bilby et al. 1996; Mathisen 
et al. 2000). Note that application of the determin-
istic theory of fishing without inclusion of nutrient 
effects could lead to a downward spiral in the annual 
production of the salmon species being managed, 
instead of the constant population predicted by the 
theory (Finney et al. 2000). As the salmon fishery 
removes nutrients from the watershed, the carry-
ing capacity of the watershed for salmon is lowered, 
thereby causing the deterministic theory of fishing to 
prescribe to managers a lower “sustainable” level of 
spawners. The lower level of spawners means even 
less nutrients and a lower level of productivity for 
the watershed. Lower productivity means an even 
lower estimate of “sustainable” spawners from the 
theory, leading to less nutrients for the watershed, 
and a downward spiral in salmon production.
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Figure 1.2. Proposed fluctuating inshore and offshore production regimes in the Gulf 
of Alaska showing relative changes in the physical processes during a 

A.

B.
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positive Pacific decadal oscillation (PDO; strong winter low pressure) (A,B) 
and a negative PDO (weak winter low pressure) (C,D).

C.

D.
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1.2.7.2 Ubiquitous Distribution and Northern 
 Concentration of Anthropogenic   
 Contaminants Hypothesis 

Transport of contaminants from sites of release in 
lower latitudes by atmospheric and oceanic processes 
and through biologic pathways concentrates anthro-
pogenic contaminants in northern ecosystems in 
even the most remote, uninhabited regions of the 
Northern Hemisphere, including the GOA (Crane and 
Galasso 1999). Contaminants produced by human 
activities in human-populated areas, principally ra-
dionuclides, organochlorines, and heavy metals, alter 
ecosystems in all parts of the world by changing rates 
of biological production (productivities), as agents 
of direct and indirect mortality. For example, one of 
the operating hypotheses for investigations of causes 
for decline of the Steller sea lion in the GOA by the 
National Marine Fisheries Service (NMFS 2002) is 
that the declines are due to reproductive impairment 
and mortality resulting from contaminants from dis-
tant and local sources. Also in the GOA region, two 
organochlorines, polychlorinated biphenyls (PCBs) 
and the pesticide dichlorodiphenyltrichloroethane 
(DDT), were found to be transported to remote locali-
ties in the Copper River drainage (near 63°N 145°W) 
by migratory fish species and by wind (Ewald et al. 
1998). Both DDT and PCB concentrations per indi-
vidual increase as they move through the food chain, 
with both at times being found in very high concen-
trations near the top of the food chain in birds and 
mammals, including humans. DDT is well known 
to cause reproductive impairment, especially in 
birds. Metabolites of DDT (p,pʹ-DDE) were found in 
blubber taken by biopsy of killer whales in PWS in 
concentrations high enough (21-210 ppm) to suggest 
reproductive impairment and infant mortality, and 
relatively high concentrations of other organochlo-
rines were also found (Ylitalo et al. 2001). PCB is 
known to cause pathological changes in reproductive 
and immune systems. For example, relatively high 
concentrations of PCB in the milk fat of Inuit women 
are consistent with the high incidence of infectious 
disease among Inuit infants in arctic Quebec, Canada 
(Dewailly et al. 1993). 

1.2.7.3 Anthropogenic Distribution of Exotic  
 Species Hypothesis 

According to this hypothesis, human transport of 
vertebrate and invertebrate species causes changes 
in ecosystems by radically changing species compo-
sition and relative abundances of species through 
alterations of food web (trophic) pathways and in-
teractions. The food webs of the GOA appear to be 
susceptible to alteration by certain freshwater and 

anadromous fish species that are known to be able to 
complete their life cycles at these latitudes: Atlantic 
salmon, northern pike, and yellow perch (ADF&G 
2002). Anthropogenic introductions of both north-
ern pike and yellow perch have been documented, 
and Atlantic salmon have become established to 
the south in British Columbia as a result of failed 
pen rearing operations. In addition, a number of 
other vertebrate and invertebrate animal species 
and a number of freshwater and salt marsh plants 
may be able to establish themselves in the region if 
introduced (ADF&G 2002).

1.2.7.4 Cumulative Human Effects Hypothesis 

Individual instances of fishing, introduction of con-
taminants, transport of exotic species, and other 
human impacts that are not alone sufficient to cause 
discernible changes in the ecosystem are inexorably 
accumulated through time to levels that can and 
do profoundly alter the habitats and trophic path-
ways of the ecosystem, thereby reducing production 
of many animal and plant species. As a corollary, 
cumulative effects are directly proportional to hu-
man population density and they can reach levels 
that prohibit any sustainable human use of certain 
species (Mangel et al. 1996). For example, many 
salmon populations near and adjacent to human 
centers in the Pacific Northwest (California, Oregon, 
Washington, Idaho) are now categorized by the fed-
eral government as threatened or endangered, and 
can no longer provide a harvestable surplus with 
respect to humans (Stouder et al. 1997), whereas 
salmon populations in areas of low human densi-
ties are producing historical record-high levels of 
harvest (Mundy 1996). Further, it is evident that 
environments around urbanized areas (such as Los 
Angeles, Puget Sound, Boston Harbor, San Francisco 
Bay, and New York Bight) and watershed systems 
(Columbia River Basin and San Joaquin River) have 
highly altered ecosystems that contain invasive 
exotic species, individuals impaired by contamina-
tion, and fish populations that have been altered by 
the combined effects of various human impacts. It 
appears that this degradation occurred over a long 
period of time and as a result of the combined im-
pacts of many different human activities. 

1.3 PRINCIPAL ECOLOGICAL   
 CONCEPTS
Production at the base of the food web, primary pro-
ductivity, is strongly influenced by physical forces, 
and ultimately determines ecosystem productivity. 
However, the abundance of any particular popula-
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tion within the food web depends on three things: 
immediate food supply (prey), removals (mortality), 
and habitat.

All animals and plants in the oceans ultimately rely 
on energy from the sun or, in some special cases, 
on chemical energy from within the earth. The 
amount of solar energy converted to living material 
determines the level of ecosystem production (total 
amount of living material and at what rate it is pro-
duced). As a rule of thumb, populations of individual 
species (such as salmon, herring, and harbor seals) 
cannot exceed about 10 percent of the biomass of 
their prey populations (about the average conversion 
of prey to predator biomass). Therefore, the amount 
of energy that gets incorporated into living material 
and the processes that deliver this material as food 
and energy to each species are key factors influenc-
ing reproduction, growth, and death in species of 
concern. Increases in prey, with other factors such 
as habitat being equal, generally allow populations 
to increase through growth and reproduction of 
individual members. At the same time, there are 
factors that lead to decreases in populations, loss 
of suitable habitat, decreases in growth, reproduc-
tion, and immigration, and increases in the rate of 
removal (death and emigration) of individuals from 
the population. As a result, the combined effects of 
natural forces and human activities that determine 
food supply (bottom-up forces), habitat (bottom-
up and top-down forces), and removals (top-down 
forces) determine the size of animal populations by 
controlling reproduction, growth, and death. 

1.3.1 Physical Forcing and  
 Primary Production

The vast majority of the energy that supports eco-
systems in the GOA comes from capture, or fixation, 
of solar energy in the surface waters. How much of 
this energy is captured by plants in the ocean’s sur-
face layer and watersheds and passed on ultimately 
determines how much biomass and production oc-
cur at all levels in the ecosystem. Capture of solar 
energy by plants in the oceans and watersheds and 
the conversion of solar energy to living tissue (pri-
mary production) depends on several interacting 
forces and conditions that vary widely from place 
to place, season to season, and year to year as well 
as between decades. The process of capturing solar 
energy is explained below.

First, in the ocean, primary production occurs only 
in the shallowly lit photic zone (a few hundred feet). 
In watersheds, cloud cover and shading play a larger 
role in variability of productivity. Second, plants that 

fix this energy, by using it to make simple sugars 
out of carbon dioxide and water, depend on nutri-
ents that are absorbed by the plants as they grow 
and reproduce. Solar energy that is not captured by 
plants in the ocean warms the surface waters, mak-
ing it less dense than the water beneath the photic 
zone, which causes layering of the water masses. A 
continuous supply of nutrients to the surface waters 
is necessary to maintain plant production. Likewise, 
terrestrial plants depend on nutrients carried from 
the ocean by anadromous fish. Because the deep 
water of the GOA is the main reservoir of nutrients 
for shallow waters, and apparently also an impor-
tant source for watersheds, the processes that bring 
nutrients to the surface and into the watersheds are 
key to understanding primary ecosystem productiv-
ity. Changes in nutrient supply on time scales of 
days to decades and spatial scales from kilometers to 
hundreds of kilometers have important impacts on 
primary production, generating as much as a thou-
sand-fold difference in the amount of solar energy 
that is captured by the living ecosystem. Nutrient 
supply from the deep water is influenced by the 
properties of the shallower water above (mainly be-
cause of the decreasing density of the water toward 
the surface). Nutrient supply is also influenced by 
physical forces that can overcome the density dif-
ferences between deep and shallow water—namely, 
wind acting on the water surface and tidal mixing. 
For watersheds, nutrient supply apparently depends 
strongly on biological transport of marine nitrogen 
by salmon, which die and release their nutrients in 
freshwater, as well as other sources (such as nitro-
gen fixers). 

As demonstrated in the following scientific chapters 
of this book, the knowledge of nutrient supply in the 
GOA, both how it occurs and how it may be changed 
on multi-year and multi-decadal scales, is very 
rudimentary. As the energy of the wind and tides 
mixes surface and deeper water, it not only brings 
nutrients to the surface layers, but also mixes algae 
that fix the solar energy down and out of the photic 
zone, which tends to decrease primary production. 
Therefore, other factors being equal, continuous high 
primary production in the spring-summer growing 
season is a balance between enough wind and tidal 
mixing to bring new nutrients to the surface, but not 
so much wind or tidal mixing that would send algal 
populations to deep water. The seasonal changes in 
downwelling, solar energy, and water stratification 
that set up the annual plankton bloom are described 
in chapter 6 of this book. As noted, it is not well 
understood how differences in physical forces from 
year to year and decade to decade change primary 
production manifold in any particular place.
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1.3.2 Food, Habitat, and Removals

Increases in immediate food supply (prey) will trans-
late to population increase, all other factors being 
equal. The allocation of energy in each individual is 
key to growth of the population it belongs to. Food 
supply is converted into population biomass through 
growth and reproduction of individuals in specific 
favorable habitats. Therefore, factors in the habitat 
such as water temperature, distribution of prey, and 
contaminants that can influence the allocation of 
food energy to the following activities will influence 
the population size: chasing and capturing prey, 
maintaining body temperature (for homeotherms 
and other physiological processes), growth, and 
reproduction.

Removals are all the processes that result in loss of 
individuals from the population, or mortality. These 
processes include death from contamination, human 
harvest, predation, disease, and competition. For 
example, harvest of a large proportion of the larg-
est and most fecund fish in a population will soon 
decrease the population, as will a virulent virus 
or the appearance of a voracious predator in large 
numbers.

Also included under the category of removals is any 
factor that negatively affects growth or reproduc-
tive rate of individuals, because such factors can 
decrease population size. Contaminants are con-
sidered potential removals because of the following 
possible effects:

• Causing damage that makes energy utilization 
less efficient and requires energy for repairs; 

• Interfering with molecular receptors that are 
part of the regulatory machinery for energy al-
location; 

• Damaging immune systems that make disease 
more likely; and 

• Outright killing of organisms at high concentra-
tions.

Habitats in marine and freshwater environments 
are ultimately controlled by temperature and salin-
ity, as modified by many other biological, physical, 
and chemical factors. Basic physiological functions 
such as respiration and assimilation of nutrients 
from food occur only within certain boundaries 
of temperature and salinity. A number of hypoth-
eses on the origins of long-term change relate the 
abundance of certain aquatic species to their physi-
ological performance in different temperatures. For 
example, changes in dominance of cod-like fishes 

and crustaceans in the northern GOA around 1978, 
and in eastern Canada around 1990, were explained 
as positive responses of gadids to increasingly warm 
temperatures. Using the same reasoning, the ascen-
dancy of crustaceans such as shrimp in the GOA in 
the 1950s and 1960s, and in eastern Canada during 
the 1990s, have been attributed to cooling water 
temperatures. 

On the basis of the first principles of physics, chem-
istry, and biology, temperature and salinity must be 
agents of change in biological resources through ef-
fects relating to physiological functions in individual 
plants and animals. Effects on individuals add to 
the combined effects of freshwater input, winds, and 
temperature on ecological processes. The preceding 
ecological concepts have been applied directly to the 
GOA ecosystems to show how the system and its 
plant and animal populations are controlled in the 
conceptual foundation. 

1.3.3 Trophic Structure

The principal trophic groups of the northern GOA 
are represented by the analysis of Okey and Pauly 
for PWS (Okey and Pauly 1999). The upper trophic 
levels (3.5+) are dominated by large vertebrates, 
including toothed whales, harbor seals and sea 
lions, seabirds, sharks, and fish species that are 
large as adults (Table 1.1). Primary consumers on 
trophic levels between 1 (primary producers) and 3 
(tertiary) include jellyfish, zooplankters (including 
larvae of crustaceans and fish), infauna, and meio-
fauna. The primary sources of food in the northern 
GOA are phytoplankton, macroalgae and eelgrass, 
and detritus. The species of the dominant biomass 
are macroalgae and eelgrass, followed closely by 
shallow and deep infauna, deep epibenthos, and 
herbivorous zooplankton. In terms of production 
per biomass (P/B), the dominant species groups are 
clearly the phytoplankton, followed by the herbivo-
rous zooplankton. In terms of food consumption per 
biomass (Q/B), invertebrate-eating birds top the 
list, followed by small cetaceans and pinnipeds, and 
herbivorous zooplankton. Using this concept of the 
trophic structure of the northern GOA, data on the 
lower trophic levels (< 3.5) are extremely important 
to detecting and understanding change in valued 
marine-related resources. 

The GOA and its watersheds are part of a larger oce-
anic ecosystem in which natural physical forces such 
as currents, upwelling, downwelling, precipitation, 
and runoff, acting over large and small distances, 
play important roles in determining basic biologi-
cal productivity. Natural physical forces respond 
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Table 1.1. Representative Trophic Groups of the Northern Gulf of Alaska Arranged in Descending 
Order by Trophic Level. 

Group   Trophic  Biomass P/B  Q/B
name level (t km–2 year–1) (yr–1) (yr–1)

Orcas  4.98 0.003 0.050 8.285
Sharks  4.81 0.700 0.100 2.100
Pacific halibut  4.59 0.677 0.320 1.730
Small cetaceans (porpoises) 4.52 0.015 0.150 29.200
Pinnipeds (harbor seal & sea lion) 4.45 0.066 0.060 25.550
Lingcod  4.33 0.077 0.580 3.300
Sablefish  4.29 0.293 0.566 6.420
Arrowtooth flounder adult  4.25 4.000 0.220 3.030
Salmon adult   4.17 1.034 6.476 13.000
Pacific cod  4.14 0.300 1.200 4.000
Arrowtooth flounder juvenile  4.01 0.855 0.220 3.030
Avian predators  3.89 0.002 5.000 36.500
Seabirds  3.78 0.011 7.800 150.60
Deep demersal fish (skates and flatfishes) 3.78 0.960 0.930 3.210
Pollock age 1+  3.76 7.480 0.707 2.559
Rockfish  3.74 1.016 0.170 3.440
Baleen whales  3.65 0.149 0.050 10.900
Salmon fry 0-12 cm  3.51 0.072 7.154 62.800
Nearshore demersal fish (greenling and sculpin) 3.35 4.200 1.000 4.240
Squid  3.26 3.000 3.000 15.000
Eulachon  3.25 0.371 2.000 18.000
Sea otters  3.23 0.045 0.130 117.000
Deep epibenthos  3.16 30.000 3.000 10.000
Capelin  3.11 0.367 3.500 18.000
Adult herring  3.10 2.810 0.540 18.000
Pollock age 0  3.07 0.110 2.340 16.180
Shallow large epibenthos  3.07 3.100 2.100 10.000
Invertebrate eating bird  3.07 0.005 0.200 450.500
Sand lance  3.06 0.595 2.000 18.000
Juvenile herring  3.03 13.406 0.729 18.000
Jellies  2.96 6.390 8.820 29.410
Deep small infauna  2.25 49.400 3.000 23.000
Near omni-zooplankton  2.25 0.103 7.900 26.333
Omni-zooplankton  2.25 24.635 11.060 22.130
Shallow small infauna  2.18 51.500 3.800 23.000
Meiofauna  2.11 4.475 4.500 22.500
Deep large infauna  2.10 28.350 0.600 23.000
Shallow small epibenthos  2.05 26.100 2.300 10.000
Shallow large infauna (clams, etc.) 2.00 12.500 0.600 23.000
Near herbi-zooplankton  2.00 0.136 27.000 90.000
Herbi-zooplankton  2.00 30.000 24.000 50.000
Near phytoplankton  1.00 5.326 190.000 0.000
Offshore phytoplankton  1.00 10.672 190.000 0.000
Macroalgae/eelgrass 1.00 125.250 5.000 0.000
Inshore detritus  1.00 3.000 – –
Offshore detritus  1.00 4.500 – –

Notes: Bold values were calculated by the Ecopath software. 

P/B is production per biomass. Q/B is food consumption per biomass. 

Source: Table 74 (Okey and Pauly 1999)
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primarily to seasonal shifts in the weather, and in 
particular to long-term changes in the intensity 
and location of the Aleutian Low system in winter. 
Increased upwelling offshore appears to increase in-
puts of nutrients to surface waters, which increases 
productivity of plankton. Increased winds appear 
to increase the transport of zooplankton shoreward 
toward and past the shelf break. How often and 
how much offshore zooplankton sources contribute 
to coastal food webs depends on natural physical 
and biological forces such as predation, migration, 
currents and structure of the fronts, formation and 
stability of eddies, degree and extent of turbulence, 
and responses of plankton to short and long-term 
changes in temperature and salinity.

A wide range of human impacts interacts with 
natural biological and physical forces to change 
productivity and community structure in the GOA. 
Human activities have the most direct and obvious 
impacts at those sites in watersheds and intertidal 
areas where human populations are high. Nonethe-
less, some human activities affect populations of 
birds, fish, shellfish, and mammals far offshore, and 
also have impacts far from the sites of the actions. In 
short, human activities and natural forces together 
act over global to local scales to drive and shape ma-
rine and terrestrial life in the GOA and its tributary 
watersheds. Natural forces and human impacts, as 
exemplified by heat and salt distribution, insola-
tion, biological energy flow, biogeochemical cycling 
and food web structure, fishery removals, pollutant 
inputs, and the relationships among them over time 
define the state of the marine ecosystem. Natural 
forces and human impacts bring about changes in 
populations of birds, fish, shellfish, and mammals 
by altering the relationships among variables that 
define the marine ecosystem. This understanding of 
the mechanisms affecting change in the GOA pro-
vides the basis for developing key hypotheses about 
the GOA ecosystem. 

1.4 THE CENTRAL HYPOTHESIS  
 AND HABITAT TYPES 
Identifying the forcing factors, human and natural, 
that drive biological production requires framing 
hypotheses and questions. The central hypothesis 
states widely held beliefs about what drives changes 
in living marine-related resources in time and 
space: 

Natural forces and human activities working over global 
to local scales bring about short-term and long-lasting 
changes in the biological communities that support birds, 

fish, shellfish, and mammals. Natural forces and human ac-
tivities bring about change by altering relationships among 
defining characteristics of habitats and ecosystems such 
as heat and salt distribution, insolation, biological energy 
flow, freshwater flow, biogeochemical cycles, food web 
structure, fishery impacts, and pollutant levels.

Although widely accepted as fact, the specific mecha-
nisms that cause change are largely untested in 
the GOA region, and the relative importance of the 
forcing factors is unknown. Current speculations, 
supported by limited observations, are that forcing 
by winds, precipitation, predation, currents, natural 
competitors for food and habitat, fisheries, and pol-
lutants change living marine-related resources over 
different scales of time and space through alteration 
of critical properties of habitats and ecosystems 
(Figures 1.3 and 1.4). 

Although the central hypothesis may appear to be 
a bland statement of the obvious, it is an essential 
first step in applying the scientific method to ad-
dress the many open, and sometimes highly con-
tentious, scientific questions about whether, and to 
what extent, human activities are responsible for 
degradation of habitats and declines in populations 
of animals. The central hypothesis states what is 
thought to be known in general, preparing the way 
for questions that test the validity of this knowledge. 
For example it is reasonable to ask of the central hy-
pothesis, “What are the natural forces and are they 
equally important in all types of habitat?” Critically 
examining the starting point, through posing and 
answering questions, is intended to point out the 
need for more specific hypotheses, which in turn lead 
to more specific questions, and so forth. 

The central hypothesis is given more specificity 
through adaptation to habitat types in the follow-
ing section. Before adding specificity to the central 
hypothesis, the habitat types need definition, and 
the context of conducting studies at time-space 
scales appropriate to the phenomenon needs to be 
provided. 

Four habitat types, representative of the GOA re-
gion, have been identified: watersheds, intertidal 
and subtidal areas, ACC, and offshore areas (the 
continental shelf break and the Alaska Gyre). These 
habitats were selected after evaluating informa-
tion about how natural forces and human activities 
control biological productivity in the northern GOA. 
The habitats are composed of identifiable, although 
not rigid, collections of characteristic microhabi-
tats, resident and migratory species, and physical 
features. 
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Figure 1.3. Possible connections among specific mechanisms and agents of change in living 
marine-related resources.

Figure 1.4. Relations among major parts of the Gulf Ecosystem Monitoring (GEM) Program 
conceptual foundation.
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• Watersheds—freshwater and terrestrial habi-
tats from the mountains to the extent of a 
river’s plume.

• Intertidal and subtidal areas—brackish and 
saltwater coastal habitats that extend offshore 
to the 20 m depth contour.

• Alaska Coastal Current (ACC)—a swift coastal 
current of lower salinities (25 to 31 psu) typi-
cally found within 35 km of the shore. 

• Offshore—the continental shelf break (between 
the 200 m and 1,000 m depth contours) and 
the Alaska Gyre in waters outside the 1,000 m 
depth contour. 

To understand the composition and extent of ecosys-
tems, it is necessary to ask and answer questions 
about the distances and time associated with the 
variation in the biological and physical phenomena. 
As stated eloquently by Ricklefs (1990, p. 169), 
“Every phenomenon, regardless of its scale in space 
and time, includes finer scale processes and pat-
terns and is embedded in a matrix of processes and 
patterns having larger dimensions.” Indeed, spatial 
and temporal scales are part of the definitions of 
physical and biological processes such as advection 
and growth. Taking account of spatial and tempo-
ral scales is critical to studying linkages between 
natural forces and biological responses (Francis et 
al. 1998). 

Cross-habitat linkages and processes are described 
in more detail in later chapters. It is assumed that 

modeling efforts are regional in focus rather than 
habitat specific.

The central hypothesis is adapted to each habitat 
type:

Watersheds—Natural forces (such as climate) and 
human activities (such as habitat degradation and 
fishing) serve as distant and local factors in causing 
short-term and long-lasting changes in marine-re-
lated biological production in watersheds.

Intertidal and Subtidal—Natural forces (such as 
currents and predation) and human activities (such 
as increased urbanization and localized pollution) 
serve as distant and local factors, in causing short-
term and long-lasting changes in community struc-
ture and dynamics of the intertidal and subtidal 
habitats.

Alaska Coastal Current (ACC)—Natural forces (such 
as variability in the strength, structure, and dynam-
ics of the ACC) and human activities (such as fish-
ing and pollution) cause local and distant changes 
in production of phytoplankton, zooplankton, birds, 
fish, and mammals.

Offshore—Natural forces (such as changes in the 
strength of the Alaska Current and Alaskan Stream, 
mixed layer depth of the gyre, wind stress, and 
downwelling) and human activities (such as pollu-
tion) play significant roles in determining production 
of carbon and its shoreward transport.
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CHAPTER2
Physical and Biological Background
Phillip R. Mundy and Robert T. Cooney

2.1 INTRODUCTION 
The cold and turbulent Gulf of Alaska (GOA) is one 
of the world’s most productive ocean regions. It sus-
tains immense populations of seabirds, marine mam-
mals, and fishes, and provides a way of life for tens 
of thousands of Alaskans. Indeed, the GOA is still 
wild, full of life, and deserves protection and wise 
management as one of the bio-gems of the planet.

Just why the GOA is so unusually productive re-
mains unclear. The fish, birds, and mammals at 
the top of the food chain are supported by a diverse 
marine food web (Table 1.1 in chapter 1), dependent 
on the physical characteristics of an ever-changing 
ocean—one that experiences seasonal, annual, and 
longer-period extremes in weather and climate. 
The plant nutrients come from deep water, fueling 
production at the base of the marine food web. This 
production is eventually expressed in the stock size 
and production of higher-level consumers. Somehow, 
physical conditions in this region promote sufficient 
exchange between deep and shallow waters to bring 
these fertilizing elements to the surface, where they 
stimulate plant growth each year. To understand 
the GOA’s complex ecosystem, and the productivity 
of its species big and small, requires more precise 
knowledge about the interactions between many 
biological and physical factors. 

Recent studies on how selected species interact with 
prey, predators, and competitors—and most impor-
tant, how these associations are influenced by shifts 
in ocean climate and human activities—provide 
exciting new possibilities for understanding this 
great ecosystem. This knowledge will help resource 
managers sustain populations of these species de-
spite growing human influence in the region (pos-
sible climate change and elevated pollution levels) 
and the pressure of increased human use (harvests, 
recreational impacts, and population). 

The following summary describes the northern GOA 
ecosystem as it is now understood, and reveals gaps 
in current knowledge about the dynamics of higher-
level productivity. 

2.2 PRINCIPAL HABITATS AND   
 LIVING RESOURCES
The extent of damage resulting from the massive 
oiling of Prince William Sound and the coastal wa-
ters to the west in spring 1989 will never be fully 
known. In the short term, scientific studies focus on 
the spill-affected resources that remain at risk. But 
the Exxon Valdez Oil Spill Trustee Council has com-
mitted its long-term support to a program of broader 
ecological research and environmental monitoring. 
The effort centers on the major physical and biologi-
cal phenomena that influence marine productivity in 
the principal habitats of the northern GOA. These 
habitats can be identified as: 

• Coastal watersheds; 

• Intertidal and shallow subtidal zones to a depth 
of 20 meters; 

• Alaska Coastal Current (ACC); and 

• Offshore areas embracing the continental shelf 
break and beyond to the continental slope and 
deep ocean basin. 

In these interacting environments, scientists un-
derstand only to a limited extent how the dominant 
fishes, seabirds, and marine mammals use critical 
habitats to sustain populations in face of cyclic ocean 
climate, extensive commercial and subsistence har-
vests, and threats from pollution and diseases. 

2.2.1 Watersheds

The extensive coastal watersheds that drain into 
the northern GOA represent spawning and rearing 
habitat for anadromous species like Pacific salmon 
and eulachon, and nesting habitat for some seabirds 
like marbled murrelets. The carcasses of spawned-
out salmon supply substantial amounts of marine-
derived nutrients to the poorly nourished streams, 
lakes, and rivers used for their reproduction. In 
addition, dying salmon provide a food supply for 
many birds and mammals throughout the coastal 
range. Bears, eagles, and many gulls benefit locally 
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from this extensive forage resource. Analyses have 
also shown that marine-derived nitrogen from anad-
romous fishes leaves a detectable signal in many 
coastal plant communities. 

The human harvest of anadromous species may af-
fect not only those species, but also all of the plants 
and animals touched by marine nutrients. Therefore, 
understanding the distribution of marine nutrients 
by anadromous fish species puts a new dimension on 
fisheries management. So, it is reasonable to ask to 
what extent human consumption of salmon affects 
the production of other plants and animals in the 
coastal watersheds. Moving beyond single-species 
management toward ecosystem-based management 
in coastal watersheds would require long-term moni-
toring of the flux of marine nutrients.

These same watersheds experience extensive human 
activity in addition to fishing. Large-scale logging 
and commercialization, including coastal settle-
ments and towns, can alter or destroy some habitats. 
Expanding recreational activities in the coastal zone 
between Prince William Sound and Kodiak Island 
also will include additional land uses. Compared 
with other regions in North America, however, most 
watersheds in the periphery of the GOA are remote 
and relatively undisturbed. 

2.2.2 Intertidal and Subtidal

The intertidal and shallow subtidal habitats are 
represented by a variety of nearshore estuarine, 
fjord, and exposed coastal settings. These habitats 
range from precipitous and rocky, to gently sloping 
with muddy or sandy bottoms. The intertidal and 
shallow subtidal zones are among the most produc-
tive of marine habitats in the GOA. Here the annu-
al growth of microalgae, seaweeds, and seagrasses 
supports many invertebrates that, in turn, are food 
for fishes, marine birds, and mammals. Guillemots 
and sea otters, for example, depend on the crabs, 
clams, and mussels, along with small benthic fishes 
found in the intertidal and subtidal habitats. This 
specialized edge-zone habitat is also a nursery for 
juvenile pink and chum salmon and juvenile Pacific 
herring for several months each year. Huge schools 
of spawning herring and capelin deposit their eggs 
in the shallows each spring. These mass spawnings 
induce a feeding frenzy that may last for a week 
or more. Gulls, kittiwakes, seals, sea lions, fishes, 
and a variety of large invertebrates gather to feed 
on the egg masses. The fish eggs are often eaten 
in huge numbers by shorebirds and other species 
that stop over in the region during the spring mi-
gration. 

The intertidal and shallow subtidal zones may be 
at greatest risk to human activities. Increasing use 
of vehicles, boats, and aircraft by recreationists and 
sport fishermen exploits these areas. In addition, 
floating pollutants and refuse, particularly plastic 
materials from the fishing industry, make landfall 
in the intertidal zone. Unlike the coastal watersheds 
that remain relatively unaltered at many locations, 
it is rare to walk the intertidal zone anywhere in 
the GOA without seeing evidence of human activity. 
The degree to which these “footprints” result in envi-
ronmental degradation is clear in the case of oil and 
toxic spills, but largely unknown for other pollution. 

2.2.3 Alaska Coastal Current

Hugging the inner third of the continental shelf, the 
ACC provides a sizeable and ecologically important 
transition zone between the shallow, nearshore 
communities and the huge outer-shelf and oceanic 
pelagic ecosystems. Fed by runoff from glaciers, 
snowmelt, and rainfall, the well-defined coastal 
current is a nearshore “river in the sea” with a fresh-
water output about one-and-a-half times that of the 
Mississippi River. It flows consistently to the north 
and west around the northern GOA from British 
Columbia to Unimak Pass on the Aleutian Islands 
chain. The ACC, urged along by coastal winds, dis-
tributes subarctic plankton communities around 
the region and into protected inside waters such as 
Prince William Sound and lower Cook Inlet. During 
the summer months, the ACC has local reversals 
and small eddies, which can concentrate plankton 
and small fishes in convergence zones, for foraging 
fish, birds, and marine mammals. 

The ACC is an important feeding habitat for many 
fish, birds, and mammals. Most seabirds nest in 
coastal colonies or on islands where protection from 
predators is afforded by the isolation of rocky cliffs. 
Because of this nesting behavior, the distribution 
and abundance of seabirds during their reproductive 
season is governed primarily by the availability of 
suitable, safe nesting sites and access to adequate 
prey. Seabirds in the GOA are often grouped on the 
basis of their foraging behavior. Surface feeders like 
kittiwakes obtain prey mostly in the upper 1 meter 
(m), coastal divers such as guillemots and murrelets 
exploit the shallow water column and nearshore sea-
bed, while murres are deep divers capable of feeding 
in the water or on the bottom to depths of 200 m. 
Seabirds feed close to colonies when opportunities 
arise, but most are also capable of flying a long dis-
tance to feed. It is not unusual for coastal seabirds to 
fly to the outer shelf and shelf-break regions to feed 
themselves and their offspring. 
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Marine mammals residing in the ACC are primarily 
fish eaters, although a few feed on bottom-dwelling 
invertebrates and some hunt other marine mammals 
or even seabirds. Killer whales are either resident 
(fish eaters primarily) or transient (feeding mostly 
on other marine mammals). Seals, sea lions, and sea 
otters bear and protect their offspring in coastal 
rookeries sprinkled around the edge of the GOA and in-
fluenced by the ACC. Fur seals and sea lions exploit 
a broad array of nearshore and oceanic habitats, 
although the juveniles appear to be more confined to 
the waters near rookeries. By comparison, sea otters 
and harbor seals are almost sedentary in habit, usu-
ally ranging only short distances for food. Juvenile 
and adult harbor seals hunt and consume a variety 
of fishes, squids, and octopus in mostly coastal habitats. 
While sea otters can retrieve food from depths to 100 
m, they rarely leave the shallow coastal areas where 
they live as generalist predators on a broad array of 
sessile or slow-moving macro-invertebrates, includ-
ing clams, mussels, crabs, sea urchins, and sea stars. 

Many fishes and shellfishes also live, feed, and 
reproduce in the ACC. Coastal rockfishes, Pacific 
herring, juvenile and adult walleye pollock, juvenile 
and adult salmon, adult cod, and many species of 
shrimps and crabs occur in protected fjords, inlets, 
bays, and sounds where they forage and/or repro-
duce, and where their early life stages feed and 
grow. Halibut and lingcod occur abundantly in some 
seasons, and king crabs that feed and grow in deeper 
shelf and slope environments visit the shallower in-
ner shelf to reproduce each year. Because the eggs 
and larvae of many marine invertebrates and fishes 
drift with the plankton for weeks or even months, 
the flow of the ACC serves to distribute these forms 
to the variety of coastal habitats found around the 
edge of the GOA.

The same coastal flow that benefits so many species 
may also serve to distribute marine pollutants. Oil 
spilled in the northeastern corner of Prince William 
Sound by the Exxon Valdez in 1989 entered the 
coastal flow and was carried hundreds of miles to 
the west, fouling beaches along the outer Kenai Pen-
insula, in lower Cook Inlet, on Kodiak Island, and 
along the southern Alaska Peninsula. A future toxic 
spill in shelf or coastal waters southeast of Prince 
William Sound could conceivably be spread across 
the entire northern GOA by the coastal flow.

2.2.4 Offshore: Mid-shelf and  
 Deeper Waters

Offshore waters, which begin at the outer edge of 
the adjacent Alaska Coastal Current region—about 

20 to 30 miles offshore—delineate a huge marine 
ecosystem. East of Prince William Sound, the shelf 
is narrow, so the mid-shelf and deeper waters are 
close to the coast, about 30 to 50 miles. South and 
west of the sound, the shelf broadens to 100 to 120 
miles in width before narrowing again south of the 
Alaska Peninsula and Aleutian Islands. These dif-
ferences in shelf width provide seabirds, seals, and 
sea lions at some coastal locations with easy access 
to the deepwater environments for feeding purposes 
when needed; at other sites, access to the shelf edge 
and open ocean is much farther away. Spatial dif-
ferences of this kind may be important to recognize 
when comparing the reproductive successes of birds 
and mammals in rookeries from different locations 
in the GOA. Arrowtooth flounder, Pacific ocean 
perch, walleye pollock, Pacific halibut, and Pacific 
cod (in descending order of importance) composed 
the bulk of the trawl-caught stock of groundfishes 
in shelf and continental slope environments of the 
GOA in 1996. 

The dominant flow in the offshore is counterclock-
wise, and it is designated the Alaska Current. Be-
cause the Alaska Current has its southern origins 
in the oceanic Subarctic Current, marine pollution 
and floating refuse from as far away as Asia, or 
originating from deliberate deep-ocean dumping or 
accidents at sea, can be swept north and westward 
around the shelf edge in the GOA. Trash from the 
international fishing industry operating 200 miles 
offshore is commonly found on beaches. Some of 
these pollutants also can be carried westward to the 
GOA in the atmosphere.

2.3 INTERMEDIATE LEVELS  
 OF THE FOOD WEB
Food webs are really pyramids with seabirds, ma-
rine mammals, and fishes at the top that depend 
initially on energy captured by marine plants at 
their base. Although there are hundreds—perhaps 
thousands—of different plant and animal plankters 
involved in the synthesis and initial transfer of or-
ganic matter through the food web, the pyramid of 
herbivores and predators narrows quickly. 

The diets of seabirds, marine mammals, and fishes 
are composed of a relatively modest variety of small 
schooling fishes and macroplankters, but they are 
consumed in very large numbers. Seabirds are the 
clearest illustration. Out of the hundreds of fish spe-
cies in the GOA, a substantial portion of the diets 
of seabirds consists mainly of smelts (capelin, eula-
chon, and rainbow smelt), juvenile herring, pollock 
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and salmon, Pacific sand lance, Pacific sandfish, 
lanternfishes, and adult euphausiids. In shallow 
waters, small benthic fishes like pricklebacks and 
gunnels are also important. Many of these forage 
species are rich in fats, and almost all exhibit school-
ing behaviors that concentrate them for their bird, 
mammal, and larger fish predators. Herring, capelin, 
sand lance, and lanternfish are probably preferred 
for their high caloric content. Juvenile pollock, cod, 
and salmon are less preferred, despite their abun-
dance, because of their lower energy content. 

Despite the ecological importance of macroplank-
ton and small schooling fishes, the distributions, 
abundances, and forage requirements of these spe-
cies are poorly understood. The influence of climate 
change on their populations is also poorly known. 
This is partly because routine censusing techniques 
are used primarily to count and map adult stocks of 
commercial importance, and ignore the smaller for-
age fishes. Modern techniques that use high-speed 
mid-water and surface trawls, marine acoustics, 
LIDAR (light detection and ranging), aerial surveys, 
and monitoring the diets of top consumers like birds 
and large commercial fishes will make it possible to 
learn more about this vital link in the food web. 

Forage fishes are often taken in the bycatch of fed-
eral- and state-regulated fisheries in the GOA, and 
while the proportion relative to the target species 
tends to be small, it may be ecologically significant 
in some cases. Fisheries targeting herring, salmon, 
and pollock all have incidental catches of juveniles 
that might be avoided as the industry develops new 
equipment and techniques to minimize the impact 
of bycatch mortality. Mortality of forage fishes as-
sociated with marine pollution and diseases is also 
poorly understood. There is some evidence that 
the failure of herring in Prince William Sound to 
recover from oil spill injuries may be due, in part, to 
an abnormally high incidence of viral hemorrhagic 
septicemia (VHS) and a marine fungus plaguing 
these stocks. 

2.4 PLANKTON AND LINKAGES TO 
  PHYSICAL OCEANOGRAPHY
Oceanic, shelf, and coastal plankton are the base of 
a vast food web supporting most seabirds, marine 
mammals, and fishes. These tiny drifters are supple-
mented by rich populations of plants and mostly 
small benthic invertebrates that feed higher-level 
consumers in intertidal and shallow subtidal areas. 
Although adult birds, fishes, and mammals rarely 
feed directly on plankton, there are notable excep-

tions, such as adult walleye pollock, Pacific herring, 
baleen whales, and some seabirds. On the other 
hand, the plankton community does play a direct 
and important role during the early life history of 
most fishes. Ichthyoplankters—larval and juvenile 
fishes and shellfishes—derive critical nutrition from 
the plankton, but are themselves also preyed upon 
by plankters, mostly small jellyfish. 

Because fish are highly vulnerable in the egg, larval, 
and early juvenile stages, only a fraction survive to 
join the adult populations. Traditionally, this surviv-
al rate was estimated in field studies of the early life 
stages of fish, including the physical and chemical 
characteristics of the rearing waters. These studies 
have led to several important ideas about critical 
ecological bottlenecks in the early development of 
fish larvae and juveniles linking changes in ocean 
currents and climate with distribution, growth, and 
survival. This direct tie to ocean climate creates an 
important “handshake” that extends through the 
food web to adult fish stocks. Unfortunately, the 
small number and patchy distribution of ichthyo-
plankters relative to the non-fish plankton creates 
some extremely serious difficulties with sampling 
and data interpretation that limit the early life his-
tory approach.

The bloom of plankton each spring defines the cycle 
of marine production for that and succeeding years 
as the impact of the planktonic biomass moves 
through the food web. The plankton communities 
undergo huge seasonal changes in rates of photosyn-
thesis and growth, and in their standing stocks each 
year. Initiated in the spring by a stabilizing upper 
layer and increasing ambient light levels, the phy-
toplankton community undergoes explosive growth 
during April, May, and June before being controlled 
by nutrient depletion, sinking, and zooplankton 
grazing. The organic matter produced in this burst 
of productivity mostly comprises a relatively small 
number of dominant species. In a similar way, shal-
low-water plants—microalgae, seaweeds, and sea-
grasses—provide much of the plant-derived organic 
matter in intertidal and shallow subtidal areas. In 
the late fall, plankton stocks plummet dramatically 
and remain low during winter and early spring. 

The timing, duration, and intensity of marine plant 
blooms are controlled largely by the physical struc-
ture of the water column. Depending on the variable 
conditions of any given spring, the plant bloom may 
be early or late by as much as three weeks. Warming 
and freshening of the surface layers in response to 
longer and brighter days promote intense photosyn-
thesis. However, the seasonal stability of the upper 
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layers that initiates the growth of phytoplankton 
stocks also restricts the vertical movement of dis-
solved nitrogen, phosphate, and silicon, resulting 
in a dramatic slowing of growth in early and mid-
summer. Previous work suggests that winter-condi-
tioned temperature and salinity influences plankton 
production, working in concert with spring weather 
conditions to establish the overall success of the 
spring bloom. Recent observations from moorings 
that monitor chlorophyll in the water indicate that 
a fall phytoplankton bloom also occurs in Prince 
William Sound in some years, but not others. This 
burst of production peaks in September and can last 
through November. The ecological importance of this 
late-season production and the physical forces that 
unleash the bloom are not yet understood.

By definition, the plankton are drifters; they have 
little or no mobility. Therefore, their geographical 
locations are determined primarily by ocean cur-
rents. However, because many zooplankters are ca-
pable of daily and/or seasonal vertical migrations of 
100 m or more, these migrations may interact with 
vertical or horizontal currents in ways that create 
localized swarms and layers (patches) of plankton 
in the ocean. These patches provide food for birds, 
fishes, and marine mammals. Whales feeding on 
surface or subsurface swarms of large copepods or 
euphausiids, and adult pollock and herring filtering 
or gulping large calanoid copepods in surface layers, 
are examples of patch feeding. Because the plankton 
can be concentrated or dispersed by ocean currents, 
fronts, and eddies, the physical oceanography plays 
a huge role in creating and maintaining “feeding sta-
tions” for marine birds, mammals, and fishes. 

The marine production cycle beyond the shelf edge 
is exceptionally complex. Photic zone levels of nitro-
gen, phosphate, and silicon are apparently available 
in sufficient quantities to promote phytoplankton 
production during the spring, summer, and fall. 
However, levels of chlorophyll (a measure of the 
concentration of living phytoplankton in the water) 
in the upper layers remain very low throughout 
the year at many locations. In the coastal regions 
and inner shelf, there is a burst of chlorophyll—the 
“bloom”—each spring. This bloom results from an 
imbalance between rates of phytoplankton growth 
and rates of plant loss to grazers or sinking. Over 
the deep ocean and outer shelf, this burst/bloom 
does not usually occur, meaning that growth and 
loss rates of the plants are nearly equal, and that 
there is very little “excess” plant matter in the wa-
ter to sink to the deep seabed. This balancing act in 
offshore waters has generally been attributed to the 
ability of the micrograzers to efficiently “crop down” 
the plant stocks and prevent blooms.

It has been suggested that inorganic iron from 
atmospheric sources is limiting plant productiv-
ity to very small cell sizes at the ocean surface. 
These microscopic plants are cropped efficiently 
by oceanic protozoans and other microconsumers. 
Unlike the shelf and coastal plankton, where large 
chain-forming diatoms feed the macrozooplankton 
directly, the oceanic food web instead supports an 
additional level of tiny consumers that are then 
grazed by larger zooplankters. On the basis of food-
chain theory, this additional step at the base of the 
food web should reduce the open ocean’s ability to 
feed consumer stocks higher in the food web. The 
fact that the open GOA is the preferred feeding 
ground for a majority of salmon stocks with origins 
in North America and Asia suggests that an ad-
ditional step in the food web does not compromise 
the region’s ability to feed hundreds of millions of 
these fish each year. 

Very little is known about how the plankton com-
munity responds to human activity. Some recent and 
dramatic shifts in phytoplankton stocks in the Ber-
ing Sea, associated with a summer warming trend, 
were accompanied by very noticeable declines in sea-
bird survivals in the shelf environment. These obser-
vations suggest that any increased climate warming 
due to human influence could alter high-latitude food 
webs with drastic effects for some consumers. 

2.5 INFLUENCES OF WEATHER   
 AND CLIMATE
GOA organisms are influenced by a variety of cur-
rents, frontal regions, eddies, water temperatures, 
and salinities. These conditions define the ocean 
state and reflect the influence of weather and cli-
mate. From September through April each year, 
weather in the GOA region responds to the position 
and intensity of the Aleutian low pressure system 
(Aleutian Low). The cyclonic storms that develop in 
and around the GOA in association with the Aleu-
tian Low cause strong easterly winds to blow along 
the northern coastline. The friction of these winds on 
the sea surface promotes a net shoreward flow in the 
upper 60 to 90 meters, and a counter-clockwise drift 
of the Alaska Gyre, the Alaska Current, Alaskan 
Stream, and Alaska Coastal Current. The frequency 
and intensity of storms establishes a “conveyor belt,” 
carrying ocean-derived plankton stocks shoreward, 
some reaching as far as the protected coastal waters. 
With use of carbon isotopes as indicators, a strong 
offshore signal can be found in inshore zooplankton 
and fishes at some locations. In contrast, during 
June, July, and August, the conveyor belt slows or 
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weakly reverses in response to the appearance of 
the North Pacific high-pressure system in the GOA. 
The reversal of the conveyor belt over the outer shelf 
allows deep water below the surface to overrun the 
shelf break at some locations, providing a crucial 
source of deep nutrients and oxygen renewal for 
deep coastal areas.

The location and intensity of the Aleutian Low is not 
constant. When the low is intense, the weather is 
stormy with increased precipitation in the coastal 
mountains, and elevated sea levels and warmer water 
temperatures in the eastern GOA. Under these con-
ditions, described as the positive phase of a weather 
phenomenon called the Pacific decadal oscillation 
(PDO), the wind-induced cross-shelf transport in-
creases, as does flow in the Alaska Coastal Current. 
During the long term, these conditions seem to favor 
production of salmon, pollock, cod, and flounder, but 
other species are disadvantaged, such as seabirds 
at many locations, some forage fishes, and shellfish 
like shrimp and crab. When the PDO cycles back 
to its next negative phase—as it is predicted to do, 
with colder, less stormy, lower sea levels—conditions 
should favor the recovery of shellfish stocks, with 
salmon and gadid populations expected to slip into 
decline. Why these populations fluctuate the way 
they do in response to changes in ocean climate is 
unknown. However, the cycling of nature’s labora-
tory from year to year, and through longer periods, 
provides a strong basis for a number of intriguing 
studies to search for and describe the underlying 
mechanisms that create change, and sometimes com-
plete reversals, in fish, bird, and mammal abundance.

2.6 TOWARD A MORE FUNCTIONAL 
 UNDERSTANDING OF  
 GOA ECOSYSTEMS
Current knowledge about coastal, shelf, and oceanic 
ecosystems supporting the living marine resources 
of the GOA is limited and skewed heavily toward 
structural elements—species lists, historical pat-
terns of production (catch and harvest statistics), 
crude maps of distribution and abundance, some 
diet information, migratory behaviors, and in a few 
cases, rates of production. At the level of plankton, 
the seasonal cycle is quite well understood in re-
lationship to factors like light and nutrients, but 
higher in the food web at the zooplankton level and 
also the small schooling fishes, little information 
is available. Therefore, with a few exceptions, the 
“puzzle pieces” are beginning to form reasonably 
coherent pictures at the top and bottom of the food 

web, but are absent or mostly missing from the 
middle regions of the web.

The challenge for researchers is to understand how 
the major physical and biological components inter-
act dynamically to produce the historical patterns 
in stock size and production of key species. Conven-
tional population theory teaches that variability at 
the highest levels in food webs reflects the balance 
between reproduction and mortality (due to natural 
causes, predation, harvests, diseases, and pollution). 
A few statistical analyses point to significant cor-
relations, however, between population levels and 
weather, climate, or physical oceanographic condi-
tions, some apparently tied to recurring cycles like 
the PDO, the North Pacific index (NPI), the 18.6 
year lunar nodal tidal cycle, and episodic events like 
El Niño/La Niña. Unfortunately these intriguing 
and often ephemeral correlations suggest, but do not 
identify, the mechanisms behind these relationships. 
This critical missing information should be obtained 
at some point in comprehensive field and modeling 
studies that focus on selected ecosystem processes. 

To be successful, these studies must identify and 
collect the relevant data, and be supported over time 
periods that bridge the cycles in climate and ocean 
conditions. Few studies anywhere have been able 
to sustain their activities long enough, or were suf-
ficiently comprehensive to meet these criteria. Bold 
steps, which are being taken in marine ecological 
research to more fully exploit emerging research 
directions for studies of large ecosystems, are de-
scribed in the following paragraphs.

2.6.1 Nature Is Complex

Food web theory has played a major role in shap-
ing quantitative approaches to studying marine 
systems. Since the early 1940s, when aquatic com-
munities were perceived as a linear series of inter-
connected levels—producers (plants), first-order 
consumers (herbivores), higher-level consumers 
(predators), and recyclers (bacteria)—this powerful 
idea has pointed to ever more sophisticated inquiries 
about how matter and energy are cycled through 
these systems. However, in the last few years, there 
has been a growing awareness that the inability to 
more fully understand how nature works may be 
tied to a number of simplifying assumptions that 
have always been made about living systems. It is 
now understood that at some level of detail, natural 
processes cannot all be adequately explained by 
strict linear theory. This means that unless the 
complexity of nature is acknowledged and that con-
straint dealt with in a realistic manner, the research 
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will fall short, as will the ability to resolve resource 
management and other issues. 

2.6.2 Survival Strategies Define   
 Habitat Dependencies

There is a growing need to more fully understand 
what has been passed over as mostly “old sci-
ence”—how the life history of a target species ex-
ploits the marine ecosystem during its entire life 
span. For example, most marine fishes begin life as 
tiny pelagic or demersal eggs followed by a drifting 
larval stage that may last for weeks or months. The 
drifting period is followed by successive juvenile 
and maturing older stages that may use different 
parts of the ecosystem from those that host the 
adults. Understanding the entire ecological domain 
of a particular species will help establish the “con-
nectiveness” needed to more fully understand how 
human influences and perturbations in climate and 
weather work their way though the marine ecosys-
tem in the GOA.

2.6.3 Use of Common  
 Biological Currency

Oceanographers have traditionally used measures 
of carbon or nitrogen as common denominators to 
describe processes of organic matter synthesis and 
transfer at lower trophic levels. At the other end 
of the food web, the fisheries literature tracks the 
abundance and biomass of exploited stocks, usu-
ally expressed in numbers or weight. Recently, the 
energy content of species has been suggested as a 
useful measure for assessing the status of stocks 
and their principal prey. Bioenergetic modeling is 
becoming more common and measures of whole 
body energy content easier to obtain. For instance, 
the overwintering starvation mortality of juvenile 
Pacific herring residing in Prince William Sound can 
now be estimated through numerical analysis of the 
fat stores of the herring as they go into winter and 
the winter water temperatures. 

2.6.4 Problems of Time and Space

Attempts to understand how marine ecosystems 
react to climate and human influences pose huge 
sampling problems for systems on the scale of the 
GOA. Current understanding suggests that the im-
pacts of large-scale climate shifts and pollution are 
not uniform, but seem to be temporally and spatially 
distributed in ways that are not fully understood. 
For example, seabird colonies at some locations do 
well, while others do not. Two aspects may be impor-

tant contributors to this uncertainty: (1) variability 
in the timing, location, and duration of primary 
productivity each year as influenced by weather—a 
kind of “timing is everything” issue; and (2) spatial 
patchiness on a variety of length scales in forage 
stocks responding locally to changing temperature, 
salinity, currents, and other ocean characteristics. 

2.6.5 Immigration or Emigration

The mobile nature of most animal populations pro-
vides challenges and opportunities for any scientific 
monitoring activity seeking to build or use long time 
series of observations on abundance. Such problems 
are particularly noticeable for seabirds and marine 
mammals that are often counted at nesting sites 
and rookeries. Population trends in bird and mam-
mal species that are measured at nursery sites in 
dynamic habitats, such as sedimentary sea front 
bluffs and ice floes, need to be carefully examined to 
see if trends in population size might be explained 
by loss or addition of habitats. Permanent reloca-
tions of rookeries could pose serious problems in the 
interpretation of historical trends in the GOA. It is 
probable that fish or shellfish stocks would also shift 
their distributions in response to compelling envi-
ronmental change, such as permanent or chronic 
shifts in sea temperature, leading to increases in 
some areas and declines in others, although the 
overall stock production might remain unaltered. 
Shifts in the distribution of fish/shellfish prey spe-
cies also have consequences in the form of apparent 
trends in populations of birds and mammals. Hence 
potential causes of misinterpretation of population 
trends due to shifts in the distributions of species 
within the GOA must be addressed by monitoring 
projects.

Animal migrations between marine and freshwater 
habitats provide important geochemical pathways 
for carbon, nitrogen, sulfur (C, N, S) and other 
elements that are important for production in near-
shore marine habitats and coastal watersheds. 
Feeding migrations, such as those of river otters and 
harlequin ducks, and breeding migrations, such as 
those of salmon and eulachon (smelt), are common 
marine-terrestrial life history strategies in the GOA. 
The role of marine inputs to the watershed phase of 
regional biogeochemical cycles has been recognized 
for some time (Mathisen 1972). Experiments in 
artificial and natural streams have shown that chlo-
rophyll a and the biomasses of the biofilm (bacteria 
and molds) and aquatic macroinvertebrates, such as 
insects, increase as the amount of salmon carcass 
biomass increases (Wipfli et al. 1998). Chlorophyll a 
has been observed to increase over the full range of 
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carcass biomass, whereas increases in macroinverte-
brates stop at some limiting value of carcass loading 
(Wipfli et al. 1998, 1999). Salmon carcasses stimu-
late production of multiple trophic levels, including 
decomposers, in watersheds by providing carbon and 
nutrients. In earlier studies of an Alaskan stream 
containing chinook salmon, Piorkowski (1995) sup-
ported the hypothesis of Wipfli et al. (1998) that 
salmon carcasses can be important in structuring 
aquatic food webs. In particular, microbial composi-
tion and diversity may determine the ability of the 
stream ecosystem to use nutrients from salmon car-
casses, a principal source of marine nitrogen. 

Marine nutrients and carbon (C, N, S) move from the 
marine environment into terrestrial species in the 
watersheds of the GOA (Wipfli et al. 1999), as has been 
shown to be the case in anadromous fish-bearing wa-
tersheds elsewhere in the North Pacific region (Bilby 
et al. 1996). The following species have been found to 
transport marine nutrients within watersheds:

•  Anadromous species, such as salmon (Kline et 
al. 1993, Ben-David et al. 1998b);

•  Marine-feeding land animals, such as river ot-
ters (Ben-David et al. 1998a) and coastal mink 
(Ben-David et al. 1997b); 

•  Opportunistic scavengers such as riverine mink 
(Ben-David et al. 1997b), wolf (Szepanski et al. 
1999), and martens (Ben-David et al. 1997a); 
and

•  Riparian zone plants such as trees (Bilby et al. 
1996).

In theory, any terrestrial plant or animal species 
that feeds in the marine environment or that re-
ceives nutrients from anadromous fish, such as 
harlequin duck or Sitka spruce, is a pathway to the 
watersheds for marine carbon and nutrients. Species 
that contain marine nutrients are widely distributed 
throughout watersheds, as determined from levels 
of marine nitrogen in juvenile fish, invertebrates, 
and aquatic and riparian plants (Piorkowski 1995; 
Bilby et al. 1996; Ben-David et al. 1998a,b). The role 
of marine nutrients in watersheds is key to under-
standing the relative importance of climate and hu-
man-induced changes in population levels of birds, 
fish, and mammals. Indeed, losses of basic habitat 
productivity because of low numbers of salmon 
entering a watershed (Mathisen 1972, Kline et al. 
1993, Piorkowski 1995, Finney et al. 2000) may be 
confused with the effects of fisheries interceptions or 
marine climate trends. Comparison of anadromous 
fish-bearing streams to non-anadromous streams 
has demonstrated differences in productivities 

related to marine nutrient cycling. Import of ma-
rine nutrients and food energy to the lotic (flowing 
water) ecosystem may be retarded in systems that 
have been denuded of salmon for any length of time 
(Piorkowski 1995). 

Paleoecological studies (which focus on ancient 
events) in watersheds bearing anadromous species 
can shed light on long-term trends in marine pro-
ductivity. Use of marine nitrogen in sediment cores 
from freshwater spawning and rearing areas to 
reconstruct prehistoric abundance of salmon offers 
some insights into long-term trends in climate, as 
well as how to separate the effects of climate from 
human impacts such as fishing and habitat degrada-
tion (Finney 1998, Finney et al. 2000). 

Watershed studies linking the freshwater and ma-
rine portions of the regional ecosystem could pay 
important benefits to natural resource management 
agencies. As agencies grapple with implementation 
of ecosystem-based management, conservation ac-
tions are likely to focus more on ecosystem processes 
and less on single species (Mangel et al. 1996). In 
the long-term, protection of Alaska’s natural re-
sources will require extending the protection now 
afforded to single species, such as targeted com-
mercially important salmon stocks, to ecosystem 
functions (Mangel et al. 1996). In process-oriented 
conservation (Mangel et al. 1996), production of 
ecologically central vertebrate species is combined 
with measures of the production of other species 
and measures of energy and nutrient flow among 
trophic levels to identify and protect ecological pro-
cesses such as nutrient transport. Applications of 
ecological process measures in Alaska ecosystems 
have shown the feasibility and potential importance 
of such measures (Mathisen 1972; Kline et al. 1990; 
Kline et al. 1993; Piorkowski 1995; Ben-David et al. 
1997a,b, 1998a,b; Szepanski et al. 1999), as have 
applications outside of Alaska (Bilby et al. 1996, 
Larkin and Slaney 1997).

2.6.6 Top-Down and Bottom-Up Controls

Historical approaches to studies of marine systems 
have led to a dichotomy of disciplines. Oceanogra-
phers have focused on the base of the food web and 
relationships with ocean physics and chemistry, 
whereas fisheries scientists have studied exploited 
stocks and, occasionally, the forage resources that 
support them. Top-down or bottom-up control has 
been debated endlessly for years without resolution. 
It is now beginning to be understood that this is 
not an either/or problem, but rather one of process  
interaction. Top-down and bottom-up control of 
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populations occurs simultaneously in all living 
systems and must be studied as such to refine 
understandings of system function. For example, 
recent studies of juvenile pink salmon in Prince 
William Sound have demonstrated that top-down 
losses to fish predators, such as adult pollock and 
herring, are modulated by the kinds and amounts 
of zooplankton available, a bottom-up function. The 
opportunistic pollock and herring prefer to feed on 
macrozooplankton when it is plentiful, thereby im-
proving the chance of juvenile salmon to fatten up 
and escape their role as prey. However, when mac-
rozooplankton is not abundant, pollock and herring 
begin augmenting their diets by feeding more heav-
ily on small fishes, including juvenile salmon. In this 
way, bottom-up processes affecting the production 
of copepods not only help feed and fatten young 

salmon, but top-down processes of pollock feeding 
on copepods help protect the salmon fry.

2.7 CONCLUSION
In the final analysis, the GOA is a complex ecosys-
tem—a product of evolutionary adaptation through 
many thousands of years. This robust living as-
semblage exhibits different characteristics of spe-
cies dominance, distribution, and abundance in 
response to short-term and longer-period changes 
in climate forcing and human influences. These dif-
ferent “states” have most recently been described as 
regimes. In the GOA, at least two dominant physical 
states—El Niño/La Niña and Pacific decadal oscil-
lation—are known to affect the production cycles of 
several marine species. 
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CHAPTER3
Climate and Weather
Phillip R. Mundy and Peter Olsson

3.1 DESCRIPTION OF THE GULF  
 OF ALASKA
The Gulf of Alaska (GOA) encompasses watersheds 
and waters south and east of the Alaska Peninsula 
from Great Sitkin Island (176°W), north of 52°N to 
the Canadian mainland on Queen Charlotte Sound 
(127°30ʹW). Twelve-and-a-half percent of the conti-
nental shelf of the United States lies within GOA 
waters (Hood 1986). 

The area of the Gulf of Alaska directly affected by the 
1989 Exxon Valdez oil spill (Figure 3.1) encompasses 
broadly diverse terrestrial and aquatic environments. 
Within the four broad habitat types—watersheds, 
intertidal-subtidal, Alaska Coastal Current (ACC), 
and offshore (continental shelf break and Alaska 
Gyre)—the geological, climatic, oceanographic, and 
biological processes interact to produce the highly 
valued natural beauty and bounty of this region. 

Human uses of the GOA are extensive. The GOA is 
a major source of food and recreation for the entire 
nation, a source of traditional foods and culture for 
indigenous peoples, and a source of food and enjoy-
ment for all Alaskans. Serving as a “lung” of the 
planet, GOA components are part of the process 
that provides oxygen to the atmosphere. In addition, 
the GOA provides habitat for diverse populations of 
plants, fish, and wildlife and is a source of beauty 
and inspiration to those who love natural things. 

The eastern boundary of the GOA is a geologically 
young, tectonically active area that contains the 
world’s third largest permanent ice field, after 
Greenland and Antarctica. Consequently, the wa-
tersheds of the eastern boundary of the GOA lie in 
a series of steep, high mountain ranges. Glaciers 
head many watersheds in this area, and the eastern 
boundary mountains trap weather systems from 
the west, making orographic, or mountain-directed, 
forcing important in shaping the region’s climate. 
From the southeastern GOA limit (52°N at landfall) 
moving north, the eastern GOA headwater moun-
tain ranges and height of the highest peaks are the 
Pacific Coast (3,136 m), St. Elias (5,486 m), and 

Wrangell (4,996 m). Northern boundary mountain 
ranges from east to west are the Chugach (4,016 
m), Talkeetna (2,682 m), and Alaska (6,194 m). The 
western boundary of the GOA headwaters is formed 
in the north by the Alaska Range and to the south-
southwest by the Aleutian Mountains (2,312 m).

Relatively few major river systems manage to pierce 
the eastern boundary mountains, although thousands 
of small independent drainages dot the eastern coast-
line and islands of the Inside Passage. Major eastern 
rivers from the south moving north to the perimeter 
of Prince William Sound (PWS) are the Skeena and 
Nass (Canada), the Stikine, Taku, Chilkat, Chilkoot, 
Alsek, Situk, and Copper. All major and nearly all 
smaller watersheds in the GOA region support anad-
romous fish species. For example, although PWS 
proper has no major river systems, it does have more 
than 800 independent drainages that are known to 
support anadromous fish species.

To the west of PWS lie the major rivers of Cook Inlet. 
Two major tributaries of Cook Inlet, the Kenai and 
the Kasilof, originate on the Kenai Peninsula. The 
Kenai Peninsula lies between PWS, the northern 
GOA and Cook Inlet. Cook Inlet’s largest northern 
tributary, the Susitna River, has headwaters in the 
Alaska Range on the slopes of North America’s high-
est peak, Mt. McKinley. Moving southwest down the 
Alaska Peninsula, only two major river systems are 
found on the western coastal boundary of the GOA, 
the Crescent and Chignik, although many small 
coastal watersheds connected to the GOA abound. 
Kodiak Island, off the coast of the Alaska Peninsula, 
has a number of relatively large river systems, in-
cluding the Karluk, Red, and Frazer.

The nature of the terrestrial boundaries of the GOA 
is important in defining the processes that drive bio-
logical production in all environments. As described 
in more detail below, the ice cap and the eastern 
boundary mountains create substantial freshwater 
runoff that controls salinity in the nearshore GOA 
and helps drive the eastern boundary current. The 
eastern mountains slow the pace of and deflect 
weather systems that influence productivity in 
freshwater and marine environments. 
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The GOA shoreline is bordered by a continental shelf 
ranging to 200 meters (m) in depth (Figure 3.2). 
Extensive and spectacular shoreline has been and is 
being shaped by plate tectonics and massive glacial 
activity (Hampton et al. 1986). In the eastern GOA, 
the shelf is variable in width from Cape Spencer to 
Middleton Island. It broadens considerably in the 
north between Middleton Island and the Shumagin 
Islands and narrows again through the Aleutian Is-
lands. The continental slope, down to 2,000 m, is very 
broad in the eastern GOA, but it narrows steadily 
southwestward of Kodiak, becoming only a narrow 
shoulder above the wall of the deep Aleutian Trench 
just west of Unimak Pass. The continental shelf is 
incised by extensive valleys or canyons that may be 
important in cross-shelf water movement (Carlson et 
al. 1982), and by very large areas of drowned glacial 
moraines and slumped sediments (Molnia 1981). 

3.2 WEATHER AND CLIMATE
The weather in the northern Gulf of Alaska, and by 
extension that of adjacent regions such as Prince 
William Sound, is dominated for much of the year 

by extratropical cyclones. These storms typically 
form well to the south and east of the region over 
the warm waters of the central North Pacific Ocean 
and propagate northwestward into the cooler waters 
of the GOA (Wilson and Overland 1986, Luick et 
al. 1987). Eventually these storms make landfall in 
Southcentral or Southeast Alaska where their fur-
ther progress is impeded by the extreme terrain of 
the St. Elias Mountains and other coastal ranges. 
In fact, weather forecasters call the coastal region 
between Cordova and Yakutat “Coffin Corner,” in 
reference to the frequency of decaying extratropical 
storms found there.

The high probability of cyclonic disturbances in the 
northern GOA is significant to the local weather and 
climate of PWS. Associated with these storms are 
large offshore-directed, low-level pressure gradients 
(tightly packed isobars roughly parallel to the coast). 
Depending on other factors (such as static stabil-
ity, upper-level wind profile) these gradients can 
produce strong gradient-balance winds parallel to 
the coastline or downslope (offshore-directed) wind 
events (Macklin et al. 1988). Further, because of the 
complex glacially sculptured nature of the terrain in 

Figure 3.1. Distribution of oil from the 1989 Exxon Valdez oil spill.
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PWS, several regions experience significant upslope 
winds in certain favorable storm situations. This wind 
configuration, in concert with steep terrain and 
nearly saturated, low-level air masses, produces 
the local extreme in precipitation responsible for 
tidewater glaciers of PWS. 

The combination of general storminess, significant 
windiness (and concomitant wave generation), and 
orographically enhanced precipitation are essential 
features of the northern GOA and PWS, and have a 
strong impact on the variety and composition of the 
biota supported by this region. In addition, the an-
nual melting of seasonal snowfall accumulations, 
in combination with glacial ablation, is responsible 
for the bulk of freshwater input into PWS. In this 
context, any changes in climate—naturally induced 
or anthropogenic—that substantively alter the fre-
quency and duration of these common yet transient 
weather features should also affect related parts of 
the regional ecosystem. In the following discussion, 
the factors responsible for climate change are identi-
fied and explained on a general level in preparation 
for specific relationships among climate, physical, 
and chemical oceanography, species, and groups of 
species that follow. Climate is recognized to be a 

major natural force influencing change in biological 
resources.

Climatic forcing is an important natural agent of 
change in the region’s populations of birds, fish, 
mammals, and other plant and animal species 
(Mantua et al. 1997, Francis et al. 1998, Hare et al. 
1999, Anderson and Piatt 1999). Human activities 
(anthropogenic forcing) may have profound effects on 
climate. There is growing evidence that human ac-
tivities producing “greenhouse gases” such as carbon 
dioxide may contribute to global climate change by 
altering the global carbon cycle (Sigman and Boyle 
2000, Allen et al. 2000). Understanding how natural 
and human forcing influences biological productiv-
ity requires knowledge of the major determinants of 
climate change described here.

Climate in the GOA results from the complex inter-
actions of geophysical and astrophysical forces, and 
also in part by biogeochemical forcing. Physical pro-
cesses acting on the global carbon cycle and its living 
component, the biological pump, drive oscillations in 
climate (Sigman and Boyle 2000). The most promi-
nent geophysical feature associated with climate 
change in the GOA is the Aleutian Low (Wilson and 

Figure 3.2. Satellite radar image of the Gulf of Alaska. Continen-
tal shelf, seamounts, and abyssal plain can be seen 
in relief. Composite image from Sea-viewing Wide 
Field-of-view Sensor (SeaWiFS), a National Aeronautics 
and Space Administration remote-sensing satellite. 
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Overland 1986). The location and intensity of this 
system affects storm tracks, air temperatures, wind 
velocities, ocean currents, and other key physical 
factors in the GOA and adjacent land areas. Sharp 
variations, or oscillations, in the location and inten-
sity of the Aleutian Low are the result of physical 
factors operating both proximally and at great dis-
tances from the GOA (Mantua et al. 1997). Periodic 
changes in the location and intensity of the Aleutian 
Low are related to movements of adjacent continen-
tal air masses and the jet stream to oceanography 
and weather in the eastern tropical Pacific.

Astrophysical forces contribute to long-term trends 
and periodic changes in the climate of the GOA by 
controlling the amount of solar radiation that reach-
es the earth, or insolation (Rutherford and D’Hondt 
2000). Climate also depends on the amount of global 
insolation and the proportion of the insolation stored 
by the atmosphere, oceans, and biological systems 
(Sigman and Boyle 2000). Changes in climate and 
biological systems occur through physical forcing of 
controlling factors, such as solar radiation, strength 
of lunar mixing of water masses, and patterns of 
ocean circulation. Periodic variations in the earth’s 
solar orbit, the speed of rotation and orientation of 
the earth, and the degree of inclination of the earth’s 
axis in relation to the sun result in periodic changes 
in climate and associated biological activity. 

Understanding climatic change requires sorting out 
the effects of physical forcing factors that operate 
simultaneously at different periods. Periodicities of 
physical forcing on factors potentially controlling cli-
mate and biological systems include 100,000 years, 
41,000 years, 23,000 years, 10,000 years, 20 years, 
18.6 years, and 10 years, among many others. For 
example, Minobe (1999) identified periods of 50 and 
20 years in an analysis of the North Pacific index 
(NPI) (Minobe 1999). The NPI is a time series of 
geographically averaged sea-level pressures repre-
senting a univariate (depending on only one random 
variable) measure of location for the Aleutian Low 
(Trenberth and Hurrell 1994). 

Advances and retreats of ice fields and glaciers mark 
major changes in weather and biology. Changes in the 
seasonal and geographic distribution of solar radia-
tion are thought to be primarily responsible for the 
periodic advance and recession of glaciers during 
the past two million years (Hays et al. 1976). The 
amount of solar radiation reaching the earth changes 
periodically, or oscillates, in response to variations 
in the path of the earth’s orbit about the sun. Geo-
graphic and seasonal changes in solar radiation caused 
by periodic variations in the earth’s orbit around and 

orientation toward the sun have been labeled “Mi-
lankovich cycles,” which are known to have charac-
teristic frequencies of 100,000, 41,000, and 23,000 
years (Berger et al. 1984). Shifts in the periodicity 
of long-term weather patterns correspond to shifts 
from one Milankovich cycle to another. How and 
why shifts from one Milankovich cycle to another 
occur are among the most important questions in 
paleoclimate research (Hays et al. 1976, Rutherford 
and D’Hondt 2000).

3.2.1 Long Time Scales
3.2.1.1 Orbital Eccentricity and Obliquity

Shifts in the periodicity of glaciation from 41,000 
to 100,000 years between 1.5 and 0.6 million years 
before present (Myr bp) emphasize the importance of 
the atmosphere and oceans in translating the effects 
of physical forcing into weather cycles. Glacial cycles 
may have initially shifted from the 41,000-year 
period of the “obliquity cycle” to the 100,000-year 
period of the “orbital eccentricity” perhaps caused 
initially by changes in the heat flux, from the equa-
tor to the higher latitudes (Rutherford and D’Hondt 
2000). (Obliquity is the angle between the plane of 
the earth’s orbit and the equatorial plane.) According 
to the theory advanced by Rutherford and D’Hondt 
(2000), interactions between long-period physical 
forcing (Milankovich cycles) and shorter-period 
forcing (precession) may have been a key factor in 
lengthening the time period between glaciations in 
the transition period of 1.5 and 0.6 Myr bp. Transi-
tions from glacial to interglacial periods may be 
triggered by factors such as the micronutrient iron 
(Martin 1990) that control the activity of the biologi-
cal pump in the Southern Ocean, described below.

Theories about regulation of heat flux from the 
equator to northern latitudes are central to under-
standing climate change. For example, the heat flux 
that occurs when the Gulf Stream moves equatorial 
warmth north to surround the United Kingdom, 
Iceland, and Northern Europe defines comfortable 
human life styles in these locations. Anything that 
disrupts this heat flux process would drastically 
alter climate in Northern Europe.

3.2.1.2 Day Length

Day length is increasing by one to two seconds each 
100,000 years primarily because of lunar tidal ac-
tion (U.S. Naval Observatory). Understanding the 
role of day length in climate variation is problematic 
because the rotational speed of the earth cannot be 
predicted exactly due to the effects of a large number 
of poorly understood sources of variation. Short-term 
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effects are probably inconsequential biologically, 
because variations in daily rotational speed are very 
small, but cumulative effects could be more substan-
tial in the long term. 

3.2.1.3 The Biological Pump and  
 Carbon Cycling

Changes in the amount of solar radiation available 
to drive physical and biological systems on earth 
are not the only causes of climate oscillations in the 
GOA, or elsewhere on earth. Of critical importance 
to life on earth, changes in insolation result in 
changes in the amount of a “greenhouse gas” carbon 
dioxide in the atmosphere resulting from changes in 
physical properties, such as ocean temperature, and 
due to biological processes collectively known as the 
biological pump (Chisholm 2000). The importance of 
the biological pump in determining levels of atmo-
spheric carbon dioxide is thought to be substantial, 
since the direct physical and chemical effects of 
changes in insolation on the carbon cycle alone (Sig-
man and Boyle 2000) are not sufficient to account 
for the magnitude of the changes in atmospheric 
carbon dioxide between major climate changes, such 
as glaciations.

The Biological Pump. Photosynthesis and respiration 
by marine plants and animals play key roles in the 
global carbon cycle by “pumping” carbon dioxide 
from the atmosphere to the surface ocean and incor-
porating it into organic carbon during photosynthe-
sis. Organic carbon not liberated as carbon dioxide 
during respiration is “pumped” (exported) to deep ocean 
water where bacteria convert it to carbon dioxide. 
Over a period of about 1,000 years, ocean currents 
return the deep water’s carbon dioxide to the surface 
(through upwelling) where it again drives photosyn-
thesis and ventilates to the atmosphere. The degree to 
which this deep water’s carbon dioxide is “pumped” 
back into the atmosphere or “pumped” back into deep 
water depends on the intensity of the photosynthetic 
activity, which depends on availability of the mac-
ronutrients phosphate, nitrate, and silicate, and on 
micronutrients such as reduced iron (Chisholm 2000).

Areas where nitrates and phosphates do not limit 
phytoplankton production, such as the Southern Ocean 
(60°S), can have very large effects on the global car-
bon cycle through the action of the biological pump. 
When stimulated by the micronutrient iron, the 
biological pump of the Southern Ocean becomes very 
strong because of the presence of ample nitrate and 
phosphate to fuel photosynthesis, as demonstrated 
by the Southern Ocean Iron Release Experiment 

(SOIREE) at 61°S 140°E in February 1999 (Boyd 
et al. 2000). SOIREE stimulated phytoplankton 
production in surface waters for about two weeks 
fixing up to 3,000 metric tons (t) of organic carbon. 
Although it has not been demonstrated that “iron 
fertilization” increases export of carbon to deep wa-
ters (Chisholm 2000), it clearly does enhance surface 
production. The Southern Ocean and much of the 
GOA share the equality of being “high nitrate, low 
chlorophyll” waters, so it is tempting to speculate 
that iron would play an important role in controlling 
production, if not export production, in the GOA.

The Carbon Cycle. An accounting of changes in the 
amount of carbon in each component of the earth’s 
terrestrial and ocean carbon cycles, as influenced 
and represented by the physical and chemical fac-
tors of ocean temperature, dissolved inorganic car-
bon, ocean alkalinity, and the deep reservoir of the 
nutrients phosphate and nitrate, has to incorporate 
changes in the strength of the ocean’s biological 
pump to be complete (Sigman and Boyle 2000). The 
amount of atmospheric carbon dioxide decreases 
during glacial periods. Because physical-chemical 
effects do not fully account for these changes, the 
ruling hypothesis is that the biological pump is 
stronger during glaciations. But why would the bio-
logical pump be stronger during glaciations?

Two leading theories explain decreases in atmo-
spheric carbon dioxide by means of increased activ-
ity in the ocean’s biological pump during glaciations 
(Sigman and Boyle 2000). Both theories explain how 
increased export production of carbon from surface 
waters to long-term storage in deep ocean waters 
can lower atmospheric carbon dioxide during glacial 
periods. The Broecker theory develops mechanisms 
based on increasing export from low- to mid-latitude 
surface waters (Broecker 1982, McElroy 1983), and 
the second theory relies on high-latitude export 
production of direct relevance to the GOA. Patterns 
and trends in nutrient use in high-latitude oceans, 
such as the GOA, where nutrients usually do not 
limit phytoplankton production, could hold the key 
to understanding climate oscillations.

3.2.1.4 Ocean Circulation

Because of the heat energy stored in seawater, 
oceans are vast integrators of past climatic events, 
as well as agents and buffers of climate change. Wind, 
precipitation, and other features of climate shape 
surface ocean currents (Wilson and Overland 1986), 
and ocean currents in turn strongly feed back into 
climate. Deep ocean waters driven by thermohaline 
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circulation in the Atlantic and southern oceans in-
fluence air temperatures over these portions of the 
globe by transporting and exchanging large quanti-
ties of heat energy with the atmosphere (Peixoto 
and Oort 1992). Patterns of thermohaline (affected 
by salt and temperature) ocean circulation probably 
change during periods of glaciation (Lynch-Stieglitz 
et al. 1999). The nature of changes in patterns of 
thermohaline circulation appear to determine the 
duration and intensity of climate change (Ganop-
olski and Rahmstorf 2001). Although the climate 
of the GOA is not directly affected by thermohaline 
circulation, climate in the GOA is influenced by 
thermohaline circulation through climatic linkages 
to other parts of the globe.

Teleconnection between the North Pacific and the 
Tropical Pacific can periodically strongly influence 
levels of coastal and interior precipitation. Because 
changing patterns in precipitation alter the expres-
sion of the Alaska Coastal Current (Figure 3.3), 
which is largely driven by runoff (Royer 1981a), 
periodically changing weather patterns such as the 
Pacific Decadal Oscillation (PDO) and the El Niño 
Southern Oscillation (ENSO) can profoundly alter 
the circulation and biology of the GOA (see section 
3.2.2.3.) 

The effects of the cool ACC and the warmer Alaskan 
Stream moderate air temperatures. GOA ocean 

temperatures are important in determining climate 
in the fall and early winter in the northern GOA 
and may be influential at other times of the year. 
Because the cool glacially influenced waters of the 
ACC moderate air temperatures along the coast, the 
strength and stability of the ACC are important in 
determining climate. 

3.2.2 Multi-Decadal and Multi-Annual  
 Time Scales
3.2.2.1 Precession and Nutation

Short period changes in the seasonal and geographic 
distribution of solar radiation are also due to chang-
es in the earth’s orientation and rotational speed 
(day length) (Lambeck 1980). Wobbling (precession) 
and nodding (nutation) of the earth as it spins on its 
axis are primarily due to the fluid nature of the at-
mosphere and oceans, the gravitational attraction of 
sun and moon, and the irregular shape of the planet. 

Small periodic variations in the length of the day 
occur with periods of 18.6 years, 1 year, and 60 other 
periodic components. The periodic components are 
due to both lunar and solar tidal forcing. In addition 
to its effect on day length, lunar tidal forcing with a  
period of 18.6 years has been associated with high-
latitude climate forcing, periodic changes in inten-
sity of transport of nutrients by tidal mixing, and 

Figure 3.3. Surface circulation fields in the Gulf of Alaska and mean annual pre-
cipitation totals from coastal stations (black vertical bars) and for the 
central gulf (Seth Danielson after Baumgartner and Reichel 1975).
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periodic changes in fish recruitment (Royer 1993, 
Parker et al. 1995). Biological and physical effects 
of the lunar tidal cycle may extend beyond effects 
associated with tidal mixing. About one-third of the 
energy input to the sea by lunar forcing serves to 
mix deepwater masses with adjacent waters (Egbert 
and Ray 2000). Oscillations in the lunar energy 
input could contribute to oscillations in biological 
productivity through effects on the rate of transport of 
nutrients to surface waters. The lunar tidal cycle ap-
pears to be approximately synchronous with the PDO. 

Contemporary climate in the GOA is defined by 
large-scale atmospheric and oceanic circulation on 
a global scale. Two periodic changes in ocean and 

atmospheric conditions are particularly useful for 
understanding change in the climate of the GOA: 
the PDO and the ENSO. Although weather patterns 
in the Arctic and North Atlantic are also correlated 
with weather in the North Pacific, these relations 
are far from clear. The PDO, ENSO, and other pat-
terns of climate variability combine to give the GOA 
a variable and sometimes severe climate that serves 
as the incubator for the winter storms that sweep 
across the North American continent through the 
Aleutian storm track (Wilson and Overland 1986). 

Increased understanding of the PDO has been made 
possible by simple yet highly descriptive indices 
of weather, such as the North Pacific index (NPI). 

Figure 3.4. Oceanic circulation patterns in the far eastern Pacific Ocean proposed for nega-
tive PDO (Pacific decadal oscillation; left) and positive PDO (right) (Hollowed and 
Wooster 1992).

Figure 3.5. Mean sea-level pressure patterns, in millibars, from the winters of 1972 (left) and 
1977 (right) (Emery and Hamilton 1985).
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These indices are discussed below. Changes in the 
annual values of these indices led to the realiza-
tion that weather conditions in the GOA sometimes 
change sharply from one set of average conditions 
to a different set during a period of only a few years. 
These rapid climatic and oceanographic regime shifts 
are associated with similarly rapid changes in the 
animals and plants of the region that are of vital in-
terest to government, industry, and the general public. 

3.2.2.2 Pacific Decadal Oscillation

The Pacific decadal oscillation (PDO) and associated 
phenomena appear to be major sources of oceano-
graphic and biological variability (Mantua et al. 

1997). Associated with the PDO are three semi-per-
manent atmospheric pressure regions dominating 
climate in the northern GOA: the Siberian and East 
Pacific high-pressure systems and the Aleutian Low. 
These regions have variable, but characteristic, sea-
sonal locations. A prominent feature of the PDO and 
the climate of the GOA is the Aleutian Low, for which 
average geographic location changes periodically  
during the winter. Wintertime location of the Aleu-
tian Low affects ocean circulation patterns and 
sea-level pressure patterns. It is characteristic of 
two climatic regimes: a southwestern locus called 
a negative PDO regime (as in 1972) and a north-
eastern locus called a positive PDO (1977) (Figures 
3.4 and 3.5). The location of the Aleutian Low in 

Figure 3.6. Physical processes during the winter in a positive Pacific 
decadal oscillation (PDO) climatic regime in the Gulf of 
Alaska from offshore to nearshore areas showing the 
Alaska Current and the Alaska Coastal Current.
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(Figures 3.6 and 3.7). In decades of positive PDOs, 
below-normal sea surface temperatures occur in the 
central and western North Pacific and above normal 
temperatures occur in the GOA. An intense low 
pressure is centered over the Alaska Peninsula, 
resulting in the GOA being warm and windy with 
lots of precipitation. In decades of negative PDOs, 
the opposite sea surface temperature and pressure 
patterns occur.

The NPI, a univariate time series representing 
the strength of the Aleutian Low, shows the same 
twentieth-century regimes defined by the PDO. The 
NPI is the anomaly, or deviation from the long-term 
average, of geographically averaged sea-level pres-

the winter appears to be synchronized with annual 
abundances and strength of recruitment of some 
fish species (Hollowed and Wooster 1992, Francis 
and Hare 1994). The Aleutian Low averages about 
1,002 millibars (Favorite et al. 1976), is most intense 
in winter, and appears to cycle in its average posi-
tion and intensity with about a 20- to 25-year period 
(Rogers 1981, Trenberth and Hurrell 1994). 

The PDO is studied with multiple indices, including 
the anomalies of sea level pressure (as in the NPI, 
which is discussed below), anomalies of sea surface 
temperature, and wind stress (Mantua et al. 1997, 
Hare et al. 1999). The PDO changes, or oscillates, 
between positive (warm) and negative (cool) states 

Figure 3.7. Physical processes during the winter in a negative Pacific 
decadal oscillation (PDO) climatic regime in the Gulf of 
Alaska from offshore to nearshore areas showing the 
Alaska Current and the Alaska Coastal Current.
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sure in the region from 160°E to 140°W, 30° to 65°N, 
for the years 1899 to 1997 (Trenberth and Paolino 
1980, Trenberth and Hurrell 1994). The NPI was 
used to identify climatic regimes in the twentieth 
century, for the years 1899 to 1924, 1925 to 1947, 
1948 to 1976, and 1977 to 1997, and to explore the 
interactions of short (20-year) and long (50-year)  
period effects on the timing of regime shifts. Nega-
tive (cool) PDOs occurred during 1890 to 1924 and 
1947 to 1976, and positive (warm) PDOs domi-
nated from 1925 to 1946 and from 1977 to about 
1995 (Mantua et al. 1997, Minobe 1997). Minobe’s 
analysis of the NPI identified a characteristic S-
shaped waveform with a 50-year period (sinusoidal 
pentadecadal). His analysis pointed out that rapid 
transitions from one regime to another could not be 
fully explained by a single sinusoidal-wavelike ef-
fect. The speed with which regime shifts occurred 
in the twentieth century led Minobe to suggest that 
the pentadecadal cycle is synchronized or phase 
locked with another climate variation on a shorter 
bidecadal time scale (Anderson and Munson 1972).

In addition to periodic and seasonal changes, there is 
evidence that the Aleutian storm track has shifted to 
an overall more southerly position during the twen-
tieth century (Richardson 1936, Klein 1957, Whit-
taker and Horn 1982, Wilson and Overland 1986). 

3.2.2.3 El Niño Southern Oscillation

The El Niño southern oscillation (ENSO) is a weather 
pattern originating in the equatorial Pacific with 
strong influences as far north as the GOA (Emery 
and Hamilton 1985). ENSO is marked by three 

states: warm, normal, and cool (Enfield 1997). Un-
der normal conditions, the water temperatures at 
the continental boundary of the eastern Pacific 
are around 20°C, as cold bottom waters (8°C) mix 
with warmer surface water to form a large pool of 
relatively cool water off the coast of Peru. When an 
El Niño (warm) event starts, the pool of cool coastal 
water at the continental boundary becomes smaller 
and smaller as warm water masses (20°C to 30°C) 
from the west move on top of them, and the sea level 
starts to rise. At full El Niño, increases in the sur-
face water temperatures of as much as 5.4°C have 
been observed very close to the coast of Peru. El Niño 
also brings a sea level rise along the equator in the 
eastern Pacific Ocean of as much as 34 cm, as warm 
buoyant waters moving in from the west override 
cooler, denser water masses at the continental bound-
ary. In a cool La Niña event, the sea levels are the 
opposite from an El Niño, and relatively cool (less than 
20°C) waters extend well offshore along the equator. 
Note that the sea surface temperature changes asso-
ciated with ENSO events extend well into the GOA. 

The ENSO has effects in some of the same geograph-
ic areas as PDO, but there are two major differences 
between these patterns. First, an ENSO event does 
not last as long as a PDO event, and second an 
ENSO event starts, and is easiest to detect, in the 
eastern equatorial Pacific; whereas PDO dominates 
the eastern North Pacific, including the GOA. The 
simultaneous occurrence of two major weather pat-
terns in one location illustrates Minobe’s point that 
multiple forcing factors with different characteristic 
frequencies must be operating simultaneously to 
create regime shifts.
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CHAPTER4
Physical and Geological Oceanography: 
Coastal Boundaries and Coastal and  
Ocean Circulation
Thomas Weingartner

4.1 PHYSICAL SETTING,    
 GEOLOGY, AND GEOGRAPHY
The Gulf of Alaska (GOA) includes the continental 
shelf, slope, and abyssal plain of the northern part 
(north of 50°N) of the northeastern Pacific Ocean. 
It extends 3,600 kilometers (km) westward from 
127°30ʹ W near the northern end of Vancouver Island, 
British Columbia, to 176°W along the southern 
edge of the central Aleutian Islands (Figure 4.1). It 
includes a continental shelf area of about 3.7 × 105 
km2 (110,000 square nautical miles [Lynde 1986]). The 
area of the shelf amounts to about 17 percent of the 
entire Alaskan continental shelf area (2.86 × 106 km2 
total) and approximately 12.5 percent of the total 
continental shelf of the United States (McRoy and 
Goering 1974). This vast oceanic domain sustains a 
rich and diverse marine life that supports the eco-
nomic and subsistence livelihood for both Alaskans 
and people living in Asia and North America. The 
GOA is also an important transportation corridor 
for vessels carrying cargo to and from Alaska and 
vessels traveling the Great Circle Route between 
North America and Asia.

The high-latitude location and geological history of 
the GOA and adjacent landmass strongly influence 
the present-day regional meteorology, oceanogra-
phy, and sedimentary environment. The northern 
extension of the Cascade Range, with mountains 
ranging in altitude from 3 to 6 km, rings the coast 
from British Columbia to Southcentral Alaska 
(Royer 1982). The Aleutian Range spans the Alaska 
Peninsula in the western GOA and contains peaks 
exceeding 1,000 m in elevation. All of the mountains 
are young and therefore provide plentiful sources of 
sediment to the ocean. The region is seismically ac-
tive because it lies within the converging boundaries 
of the Pacific and North American plates. The mo-
tions of these plates control the seismicity, tectonics, 
volcanism, and much of the morphology of the GOA 
and make this region one of the most tectonically 

active regions on earth (Jacob 1986). Indeed, tectonic 
motion continuously reshapes the seafloor through 
faulting, subsidence, landslides, tsunamis, and soil 
liquefaction. For example, as much as 15 m of uplift 
occurred over portions of the shelf during the Great 
Alaska Earthquake of 1964 (Malloy and Merrill 
1972, Plafker 1972, von Huene et al. 1972). These 
geological processes influence ocean circulation pat-
terns, delivery of terrestrial sediments to the ocean, 
and reworking of seabed sediments.

Approximately 20 percent of the GOA watershed 
is covered by glaciers today (Royer 1982) making 
the region the third greatest glacial field on earth 
(Meier 1984). The glaciers reflect both the subpolar 
maritime climate, and the regional distribution of 
mountains, or orography, of the GOA (see chapter 
3). The climate setting includes high rates of pre-
cipitation and cool temperatures, especially at high 
altitudes, that enhance the formation of the ice 
fields and glaciers. The ice fields are both a source 
and sink for the freshwater delivered to the ocean. 
In some years the glaciers gain and store the pre-
cipitation as ice and snow; in other years, the stored 
precipitation is released into the numerous streams 
and rivers draining into the GOA. Glacial scouring 
of the underlying bedrock provides an abundance of 
fine-grained sediments to the GOA shelf and basin 
(Hampton et al. 1986). The major inputs of glacial 
sediment are the Bering and Malaspina glaciers and 
the Alsek and Copper rivers in the northern GOA 
and the Knik, Matanuska, and Susitna rivers that 
feed Cook Inlet in the northwestern GOA (Hampton 
et al. 1986).

The bathymetry, or bottom depth variations, of the 
GOA reflects the diverse and complex geomorpho-
logical processes that have worked the region during 
millions of years. The GOA abyssal plain gradually 
shoals from a 5,000 m depth in the southwestern 
GOA to less than 3,000 m in the northeastern GOA. 
Maximal depths exceed 7,000 m near the central 
Aleutian Trench along the continental slope south 
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Figure 4.1a.  Shelf topography of the northern Gulf of Alaska and adjacent waters (Martin 
1997).

of the Aleutian Islands. Numerous seamounts, rem-
nants of subsea volcanoes associated with spread-
ing centers in the Pacific lithospheric plate (at the 
earth’s crust), are scattered across the central basin. 
Several of the seamounts or guyots (flat-topped 
seamounts) rise to within a few hundred meters of 
the sea surface and provide important mesopelagic 
(middle depth of the open sea) habitat for pelagic 
(open sea) and benthic (bottom) marine organisms. 

The continental shelf varies in width from about 5 
km off the Queen Charlotte Islands in the eastern 
GOA to about 200 km north and south of Kodiak 
Island. Along the Aleutian Islands, the shelf break is 
extremely narrow or even absent, as depths plunge 
rapidly north and south of the island chain. The 
numerous passes between these islands control the 
flow between the GOA and the Bering Sea, with 
depths (and inflow) generally increasing in the 
westerly direction (Favorite 1974). In the eastern 

Aleutians, most of the passes are shallow and nar-
row, the largest being Amukta Pass with a maximal 
depth of 430 m and an area of about 20 km2 (Fa-
vorite 1974). Unimak Pass is the easternmost pass 
(of oceanographic significance) and connects the 
southeast Bering Sea shelf directly to the GOA shelf 
near the Shumagin Islands. This pass is about 75 m 
deep and has a cross-sectional area of about 1 km2 
(Schumacher et al. 1982).

The shelf topography in the northern GOA is enor-
mously complex because of both tectonic and glacial 
processes (Figures 4.1a and b). Numerous troughs 
and canyons, many oriented across the shelf, punc-
tuate the seafloor. Subsea embankments and ridges 
abound as a result of subsidence, uplift, and glacial 
moraines. These geological processes have also 
shaped the immensely complicated coastline that 
includes lots of silled and unsilled fjords, embay-
ments, capes, and island groups.
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The northwestern GOA includes several promi-
nent geological features that influence the regional 
oceanography. Kayak Island, which extends about 
50 km across the shelf east of the mouth of the Cop-
per River, can deflect inner shelf waters offshore. 
Interaction of shelf currents with this island can 
also spawn eddies that transport nearshore waters, 
which have a high suspended sediment load, onto 
the outer shelf (Ahlnäes et al. 1987).

Prince William Sound (PWS), which lies west of 
Kayak Island, is a large, complex, fjord-type es-
tuarine system with characteristics of an inland 
sea (Muench and Heggie 1978). PWS communi-
cates with the GOA shelf through Hinchinbrook 
Entrance in eastern PWS and Montague Strait and 
several smaller passes in western PWS. The shelf 
is relatively shallow (about 125 m deep) south of 
Hinchinbrook Entrance and along the eastern shore 

of Montague Strait. Hinchinbrook Canyon, however, 
has depths of about 200 m and extends southward 
from Hinchinbrook Entrance and opens onto the 
continental slope. This canyon is a potentially im-
portant conduit by which slope waters can commu-
nicate directly with PWS. Central PWS is about 60 
km by 90 km with depths typically in excess of 200 
m and a maximal depth of about 750 m in northern 
PWS. The entrances to PWS are guarded by the 
shelf, sills, or both, of about 180 m depth. Many 
islands are scattered throughout PWS, and bays, 
fjords, and numerous glaciers are interspersed along 
its rugged coastline.

Several silled fjords indent the northern GOA coast, 
between PWS and Cook Inlet. Inner fjord depths can 
exceed 250 m, which are greater than the depths 
over the adjacent shelf. To the west of the Kenai 
Peninsula is Cook Inlet, which extends about 275 

Figure 4.1b.  Shelf topography of the northern Gulf of Alaska and adjacent waters (Martin 
1997).
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km from its mouth to Anchorage at its head. The 
inlet is about 90 km wide at its mouth, narrows to 
about 20 km at the Forelands some 200 km from 
the mouth, and then widens to about 30 km near 
Anchorage. Upper Cook Inlet branches into two 
narrow arms (Turnagain and Knik) that extend 
inland another 70 km. Depths range from 100 m 
to 150 m at the mouth of Cook Inlet to less than 40 
m in the upper end, with the upper arms being so 
shallow that extensive mudflats are exposed during 
low tides. The bottom topography throughout the 
inlet reflects extensive faulting and glacial erosion 
(Hampton et al. 1986). 

At its mouth, Cook Inlet communicates with the 
northern shelf through Kennedy Entrance to the 
east, and with Shelikof Strait to the west. The latter 
is a 200 km by 50 km rectangular channel between 
Kodiak Island and the Alaska Peninsula with many 
fjords indenting the coast along both sides of the 
strait. The main channel, with depths between 150 
and 300 m, veers southeastward at the lower end of 
Kodiak Island and intersects the continental slope 
west of Chirikof Island. Southwest of Shelikof Strait 
bottom depths shoal to 100 to 150 m, and the shelf is 
complicated by the passes and channels associated 
with the Shumagin and Semidi islands.

4.2 ATMOSPHERIC FORCING OF  
 GOA WATERS
The climate over the GOA is largely shaped by three 
semipermanent atmospheric pressure patterns: the 
Aleutian Low, the Siberian High, and the East Pacif-
ic High (Wilson and Overland 1986). These systems 
represent statistical composites of many individual 
pressure cells moving across the northern North 
Pacific. The climatological position of these pressure 
systems varies seasonally, as shown in Figure 4.2. 
From October through April, the cold air masses of 
the Siberian High deepen over northeastern Siberia, 
and the East Pacific High is centered off the south-
west coast of California. From May through Septem-
ber, the Siberian High weakens and the East Pacific 
High migrates northward to about 40°N and attains 
its greatest intensity (highest pressure) in June. The 
seasonal changes in intensity and position of these 
high-pressure systems influence the strength and 
propagation paths of low-pressure systems (cyclones) 
over the North Pacific. In winter, the Siberian High 
forces storms into the GOA, and lows are strong; in 
summer, these systems are weaker and propagate 
along a more northerly track across the Bering Sea 
and into the Arctic Ocean.

The low-pressure storm systems that make up the 
Aleutian Low form in three ways. Many are gener-
ated in the western Pacific when cold, dry air flows 
off Asia and encounters northward-flowing, warm 
ocean waters along the Asian continent. Additional 
formation regions occur in the central Pacific along 
the Subarctic Front (near 35°N) where strong lati-
tudinal temperature gradients in the ocean interact 
with unstable, winter air masses (Roden 1970). 
Finally, the GOA can also be a region of active cy-
clogenesis (low-pressure formation), particularly 
in winter when frigid air spills southward over the 
frozen Bering Sea, the Alaska mainland, or both 
(Winston 1955). Such conditions can be hazardous 
to mariners because the accompanying high wind 
speeds and subfreezing air temperatures can lead 
to rapid vessel icing (Overland 1990). 

Regardless of origin, these lows generally strengthen 
as they track eastward across the North Pacific. 
This intensification results from the flux of heat 
and moisture from the ocean to the atmosphere. 
The lows attain maximal strength (lowest pressure) 
in the western and central GOA. Once in the GOA, 
the coastal mountains inhibit inland propagation, 
so that the storms often stall and dissipate here. 
Indeed, Russian mariners refer to the northeastern 
GOA as the “graveyard of lows” (Plakhotnik 1964). 

The mountains also force air masses upward, re-
sulting in cooling, condensation, and enhanced pre-
cipitation. The precipitation feeds a large number of 
mountain drainages that feed the GOA or, in winter, 
is stored in snowfields and glaciers where it can re-
main for periods ranging from months to years.

Seasonal variations in the intensity and paths of 
these low-pressure systems markedly influence 
meteorological conditions in the GOA. Of particular 
importance to the marine ecosystem are the season-
al changes in radiation, wind velocity, precipitation, 
and coastal runoff.

The incoming short-wave radiation that warms 
the sea surface and provides the energy for marine 
photosynthesis is strongly affected by cloud cover. 
Throughout the year, cloud cover of more than 75 
percent occurs over the northern GOA more than 60 
percent of the time (Brower et al. 1988), and cloud 
cover of less than 25 percent occurs less than 15 
percent of the time. Interannual variability in cloud 
cover, especially in summer, can affect sea-surface 
temperatures and possibly the mixed-layer structure 
(which also depends heavily on salinity distribution). 
The anomalously warm surface waters observed in 
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the summer and fall of 1997 were probably due to 
unusually low cloud cover and mild winds (Hunt et 
al. 1999). The characteristic cloud cover is so heavy 
that it hinders the effective use of passive microwave 
sensors, such as Advanced Very High Resolution 
Radar and Sea-viewing Wide Field of view Sensor 
(SeaWiFS), in ecosystem monitoring.

The cyclonic (counterclockwise) winds associated 
with the low-pressure systems force an onshore 
surface transport (Ekman transport) over the shelf 
and downwelling along the coast. Figure 4.3 shows 
the mean monthly upwelling index on the northern 
GOA shelf. This index is negative (implying down-
welling) in most months, indicating the prevalence 
of onshore Ekman transport and coastal conver-
gence. Downwelling favorable winds are strongest 
from November through March, and feeble or even 
weakly anticyclonic (upwelling favorable) in summer 
when the Aleutian Low is displaced by the East Pa-
cific High (Royer 1975, Wilson and Overland 1986). 
Over the central basin, these winds exert a cyclonic 
torque (or wind-stress curl) that forces the large-
scale ocean circulation.

The high rates of precipitation are evident in long-
term average measurements. Figure 4.3 is a com-
posite of long-term average annual precipitation 
measurements from stations around the GOA. Pre-
cipitation rates of 2 to 4 meters per year (m yr–1) are 
typical throughout the region, but rates in Southeast 

Alaska and Prince William Sound exceed 4 m yr–1. 
Except over the Alaska Peninsula in the western 
GOA, the coastal precipitation rates are much 
greater than the estimated net precipitation rate of 
1 m yr–1 over the central basin (Baumgartner and 
Reichel 1975). The coastal estimates are undoubt-
edly biased because most of the measurements are 
made at sea level and therefore do not fully capture 
the influence of altitude on the precipitative flux. 

Figure 4.3 also includes the mean monthly coastal 
discharge from Southeast and Southcentral Alaska 
as estimated by Royer (1982). On an annual average 
this freshwater influx is enormous and amounts to 
about 23,000 m3s–1, or about 20 percent greater than 
the mean annual Mississippi River discharge, and 
accounts for nearly 40 percent of the freshwater flux 
into the GOA. This runoff enters the shelf mainly 
through many small (and ungauged) drainage sys-
tems, rather than from a few major rivers. Conse-
quently, the discharge can be thought of as a diffuse, 
coastal “line” source around the GOA perimeter, 
rather than arising from a few, large “point” sources. 
The discharge is greatest in early fall and decreases 
rapidly through winter, when precipitation is stored 
as snow. There is a secondary runoff peak in spring 
and summer, because of snowmelt (Royer 1982). 
The phasing and magnitude of this freshwater flux 
is important, because salinity primarily affects wa-
ter densities (and therefore ocean dynamics) in the 
northern GOA.

Figure 4.2. Typical summer (left) and winter (right) examples of the Aleutian 
Low and Siberian High pressure systems (Hollowed and Wooster 
1987). Contours are sea-level pressure in millibars.
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Figure 4.3 shows that the seasonal variation in wind 
stress and freshwater discharge is large, but also 
that these variables are not in phase with one anoth-
er; downwelling is maximal in winter and minimal 
in summer, whereas discharge is maximal in fall and 
minimal in late winter. Both winds and buoyant dis-
charge affect the vertical density stratification and 
contribute to the formation of horizontal pressure 
(and density) gradients over the shelf and slope. The 
wind field over the shelf is spatially coherent (Liv-
ingstone and Royer 1980) because the scales of the 
storm systems that enter the GOA are comparable 
to the size of the basin. The alongshore coherence 
of the wind field and the distributed nature of the 
coastal discharge suggest that forcing by winds and 
buoyancy is approximately uniform along the length 
of the shelf. Both the winds and buoyant flux force 
the mean cyclonic alongshore flow over the GOA 
shelf and slope (Reed and Schumacher 1986, Royer 
1998), as shown schematically in Figure 3.4 (chapter 
3). On the inner shelf, the flow consists of the Alaska 
Coastal Current, and over the slope it consists of the 
Alaska Current (eastern and northeastern GOA) 
and the Alaskan Stream (northwestern GOA). These 
current systems are extensive, swift, and continuous 
over a vast alongshore extent. Thus, the shelf and 
slope are strongly affected by advection (transport 
of momentum, energy, and dissolved and suspended 
materials by ocean currents), implying that climate 
perturbations can be efficiently communicated into 
the northwestern GOA by the ocean circulation. 

The strong advection also implies that processes oc-
curring far upstream might substantially influence 
biological production in the GOA.

4.3 PHYSICAL OCEANOGRAPHY  
 OF THE GULF OF ALASKA   
 SHELF AND SHELF SLOPE 
The GOA shelf can be divided on the basis of water-
mass structure and circulation characteristics into 
three domains:

• The inner shelf (or Alaska Coastal Current do-
main) consisting of the ACC;

• The outer shelf, including the shelf-break front; 
and 

• The mid-shelf region between the inner and 
outer shelves.

Because the boundaries separating these regions are 
dynamic, their locations vary in space and time. Al-
though dynamic connections among these domains 
undoubtedly exist, the nature of these links is poorly 
understood.

The ACC is the most prominent aspect of the shelf 
circulation. It is a persistent circulation feature 
that flows cyclonically (westward in the northern 

Figure 4.3. Mean monthly upwelling index, 1946-1999, and mean monthly coastal 
discharge, 1930-1999 (Royer 1982; T. Royer, Center for Coastal Physical 
Oceanography, Old Dominion University, Norfolk, Virginia, pers. comm., 
2000) in the northern Gulf of Alaska. Negative values of the index imply 
onshore Ekman transport and coastal downwelling. Discharge is shown 
in cubic meters per second, a measure of flow.
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GOA) throughout the year. This current originates 
on the British Columbian shelf (although in some 
months or years, it might originate as far south as 
the Columbia River [Thompson et al. 1989, Royer 
1998]), about 2,500 km from its entrance into the 
Bering Sea through Unimak Pass, in the western 
GOA (Schumacher et al. 1982). 

The ACC is a swift (20 to 180 centimeters per second 
[cm s–1] [0.4 to 3.6 knots]), coastally trapped flow 
typically found within 35 km of the shore (Royer 
1981b, Johnson et al. 1988, Stabeno et al. 1995). 
Much or all of the ACC loops through southern 
PWS, entering through Hinchinbrook Entrance and 
exiting through Montague Strait (Niebauer et al. 
1994). Therefore, the ACC potentially is important 
to the circulation dynamics of PWS; clearly, it is a 
critical advective and migratory path for material 
and organisms between the GOA and PWS. West of 
PWS, the ACC branches northeast of Kodiak Island. 
The bulk of the current curves around the mouth 
of Cook Inlet and continues southward through 
Shelikof Strait (Muench et al. 1978); the remain-
der flows southward along the shelf east of Kodiak 
Island (Stabeno et al. 1995). Although there are no 
long-term (multiyear) estimates of transport in the 
ACC, direct measurements (Schumacher et al. 1990, 
Stabeno et al. 1995) along the Kenai Peninsula and 
upstream of Kodiak suggest an average transport 
of about 0.8 Sverdrup (Sv, a unit of flow equal to 
1 million cubic meters per second [1 Sv equals 106 
m3s–1]), with a maximum in winter and a minimum 
in summer.

The large annual cycle in wind and freshwater dis-
charge is reflected in the mean monthly tempera-
tures and salinities at hydrographic station GAK 1, 
near Seward, on the inner shelf (Figure 4.4). Mean 
monthly sea-surface temperatures range from about 
3.5°C in March to about 14°C in August. The am-
plitude of the annual temperature cycle, however, 
diminishes with depth, with the annual range be-
ing only about 1°C at depths greater than 150 m. 
Surface temperatures are colder than subsurface 
temperatures from November through May, and the 
water column has little thermal stratification from 
December through May. 

Surface salinities range from a maximum of about 
31 practical salinity units (psu) in late winter to a 
minimum of 25 psu in August. Vertical salinity (den-
sity) gradients are minimal in March and April and 
maximal in the summer months. Surface stratifica-
tion commences in April or May (somewhat earlier 
in PWS), as cyclonic wind stress decreases and run-
off increases, and is greatest in mid- to late summer. 

The inner shelf and PWS stratify first, because run-
off initially is confined to nearshore regions and only 
gradually spreads offshore through ocean processes. 
Solar heating provides additional surface buoyancy 
by warming the upper layers uniformly across the 
shelf. However, the thermal stratification remains 
weak until late May or June. As winds intensify in 
fall, the stratification erodes, resulting from stronger 
vertical mixing and increased downwelling, which 
causes surface waters to sink along the coast.

Within the ACC, the annual amplitude in salin-
ity diminishes with depth and has a minimum of 
about 0.5 psu at about the 100 m depth. At greater 
depths, the annual amplitude increases but the an-
nual salinity cycle is out of phase with near-surface 
salinity changes. For example, at and below the 150 
m depth, the salinity is minimal in March and maxi-
mal in late summer–early fall. The phase difference 
between the near-surface and near-bottom layers 
reflects the combined influence of winds and coastal 
discharge. In summer, when downwelling relaxes, 
salty, nutrient-rich water from offshore invades 
the inner shelf (Royer 1975). The upper portion of 
the water column is freshest in summer, when the 
winds are weak (little mixing) and coastal discharge 
is increasing. Vertical mixing is strong through the 
winter and redistributes freshwater, salt, and pos-
sibly nutrients throughout the water column.

The effects of the seasonal cycle of wind and buoyan-
cy forcing are also reflected in both the hydrographic 
properties and the along-shore velocity structure of 
the shelf. The seasonal transitions in temperature 
and salinity properties are shown in Figure 4.5, 
which is constructed from cross-shore sections along 
the Seward Line in the northern GOA for April (rep-
resentative of late winter), August (summer), and 
October (fall). 

The ACC domain, or inner shelf, is within 50 km of 
the coast. From February through April, the vertical 
and cross-shelf gradients of salinity and tempera-
ture are weak, and the ACC front lies within about 
10 km of the coast and extends from the surface to 
the bottom. Vertical shears (gradients) of the along-
shelf velocity are weak and the current dynamics 
are primarily wind-driven and barotropic (controlled 
by sea-surface slopes set up by the winds) at this 
time (Johnson et al. 1988, Stabeno et al. 1995). In 
summer (late May to early September), the vertical 
stratification is large, but cross-shelf salinity (and 
density) gradients are weak. The ACC front extends 
from 30 to 50 km offshore and usually no deeper 
than 40 m. The along-shelf flow is weak, although 
highly variable, in summer. Vertical stratification 
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weakens in fall, but the cross-shelf salinity gradients 
and the ACC front are stronger than at other times 
of the year. As coastal downwelling increases, the 
front moves shoreward to within 30 km of the coast 
and steepens so that the base of the front intersects 
the bottom between the 50 and 100 m isobaths. 

Theory (Garrett and Loder 1981, Chapman and 
Lentz 1994, Yankovsky and Chapman 1997, Chap-
man 2000) suggests that seasonal variations in the 
ACC frontal structure should strongly influence 
the vertical and horizontal transport and mixing of 

dissolved and suspended material, both across and 
along the inner shelf. Royer et al. (1979) showed 
that surface drifters released seaward of the ACC 
front first drifted onshore (in accordance with Ek-
man dynamics) and then drifted along-shore upon 
encountering the ACC front. Conversely, Johnson 
et al. (1988) showed that, inshore of the front, the 
surface layer spreads offshore, with this offshore 
flow increasing as discharge increases in fall. Taken 
together, these results suggest cross-frontal con-
vergence arising from differing dynamics on either 
side of the ACC front. Buoyancy effects dominate 

Figure 4.4. The mean annual cycle of temperature (upper) and salinity 
(lower) at various depths at station GAK1 on the inner 
shelf of the northern Gulf of Alaska. The monthly esti-
mates are based on 1970-1999 data. The figure includes 
information from Xiong and Royer 1984.
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at the surface inshore of the front (at least for part 
of the year); wind forcing dominates offshore of the 
front. Convergence across the front would tend to 
accumulate plankton along the frontal boundary, 
possibly attracting foraging fish, seabirds, and ma-
rine mammals (L. Haldorson, University of Alaska, 
Juneau, pers. comm.). The front might also be a 
region of significant vertical motions. Downwelling 
velocities of about 30 meters per day (m d–1) in the 
upper 30 m of the water column are possible in fall. 
(This estimate is based on the assumption that the 
cross-frontal convergence occurs over a frontal width 

of 15 km with an onshore Ekman flow of 3 cm s–1 
seaward of the front and an offshore flow of ~15 cm 
s–1 [Johnson et al. 1988] inshore of the front.)

PWS is an important part of the GOA ecosystem 
providing both habitat to a multitude of organisms 
and being a potential sink and source for dissolved 
and suspended materials carried by shelf waters. 
PWS has a large central basin of about 60 by 90 
km. Depths in the central basin are about 350 m. 
However, maximum depths exceed 750 m in north-
western PWS and are typically about 500 m along 

Figure 4.5.  Seasonal cross-shore distributions of temperature (left) and salin-
ity (right) along the Seward Line in the northern Gulf of Alaska 
(GOA). The graphs are based on data collected in 1999 as part of 
the GOA GLOBEC program (T. Weingartner, University of Alaska 
Fairbanks, unpubl. data). The vertical axis is in pressure units 
(decibars, db), with 1 db the equivalent of about 1 m.
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the western side of PWS. It is surrounded by many 
bays and fjords that provide a diversity of habitats 
for marine organisms (Schmidt 1977, Niebauer et 
al. 1994, Gay and Vaughan 2001). The mountains 
and glaciers that ring PWS make up its watershed 
and provide a plentiful supply of freshwater and 
sediment to PWS through many streams and riv-
ers. Flow through this semi-enclosed sea is gener-
ally counterclockwise with shelf waters entering 
through Hinchinbrook Entrance in the east and 
exiting through Montague Strait in the west. The 
circulation varies seasonally in accordance with the 
seasonal cycle of winds and runoff, and it appears 
that the clockwise circulation might reverse season-
ally, or at least occasionally, in summer with surface 
waters exiting through Hinchinbrook Entrance and 
entering through Montague Strait (Vaughan et al. 
2001). Most of the exchange with the shelf occurs 
with the ACC as indeed at least a portion if not 
most of the ACC flows through lower PWS. How-
ever, Hinchinbrook Entrance can also communicate 
directly with the continental slope through Hinchin-
brook Canyon, which extends from the entrance 
southward for more than 100 km to the shelf break. 
Deep water exchange appears to be most prominent 
in the summer; however, deep water inflow events 
occur throughout the year (Niebauer et al. 1994, 
Vaughan et al. 2001). The canyon therefore repre-
sents a potential conduit by which slope waters can 
enter PWS. Because these deep waters are relatively 
rich in nutrients they could be important to the nu-
trient budgets of PWS and may provide an advective 
pathway by which oceanic plankton can be carried 
into PWS. Reliable transport estimates of mass and 
property exchanges between PWS and the shelf are 
not available, although Niebauer et al. (1994) sug-
gest that as much as 40 percent of the sound’s volume 
is exchanged in summer (May-September) and 200 
percent of the volume is exchanged in winter (October 
through April). While these estimates need to be 
verified, they nevertheless suggest efficient exchange 
between the shelf and sound and imply that the PWS 
ecosystem is intimately linked to shelf processes. Water 
property distributions and stratification in PWS are 
generally similar to those of the ACC on the shelf. 
However, because of the sheltering effects of land, the 
PWS water column stratifies earlier in spring and 
persists longer in fall than does the shelf. 

Although the mid-shelf region is poorly studied and 
understood compared to other portions of the GOA 
shelf and slope, it is critically involved in the cross-
shelf transport and vertical mixing of nutrients, 
sediments, organisms, heat, and salt. At the very 
least it serves as an important link between the in-
ner shelf and the continental slope. 

The mid-shelf domain covers the region between 
50 and 125 km from the coast. Here cross-shelf 
temperature and salinity gradients are weak in 
all seasons. In general, the strongest horizontal 
density gradients occur within the bottom 50 m 
of the water column, probably associated with the 
inshore location of the shelf-break front (which does 
not always have a surface expression). The bottom 
of the shelf-break front is generally found farther 
inshore in summer than in fall or winter. Over the 
upper portion of the mid-shelf water column, the 
vertical stratification is largely controlled by salin-
ity in most months, although vertical salinity gra-
dients are weaker here in summer and fall than on 
the inner shelf. Consequently, in summer, thermal 
stratification plays an important role in stratifying 
the mid-shelf water column. Here, the along-shelf 
flow is weakly westward on average because of the 
feeble horizontal density gradients. Both the flow 
and horizontal density gradients are highly vari-
able, however, because of energetic mesoscale (10 
to 50 km) flow features. Potential sources for the 
mesoscale variability are as follows: 

1. Separation of the ACC from capes (Ahlnäes et 
al. 1987);

2. Instabilities of the ACC (Mysak et al. 1981, Bo-
gard et al. 1994); 

3. Interactions of the shelf flow with topography 
(Lagerloef 1983); and 

4. Meandering of the Alaska Current along the 
continental slope (Niebauer et al. 1981). 

This mesoscale variability is very difficult to quan-
tify, because it depends on spatial variations in 
the coastline and the bottom topography and on 
seasonal variations in the winds and shelf density 
structure. Nevertheless, these mesoscale features 
appear to be biologically significant. For example, 
Incze et al. (1989), Vastano et al. (1992), Schumacher 
and Kendall (1991), Schumacher et al. (1993), and 
Bogard et al. (1994) show the coincidence between 
larval pollock numbers and the presence of eddies in 
Shelikof Strait. Moreover, the nutritional condition 
of first-feeding larvae is significantly better inside 
than outside of eddies (Canino et al. 1991).

The inner and mid-shelf domains share two other 
noteworthy characteristics. First, during much of 
the year, the cross-shelf sea surface temperature 
contrasts are generally small (about 2°C). The small 
thermal gradients and heavy cloud cover reduce the 
utility of thermal infrared radiometry in assessing 
circulation features and frontal boundaries in the 
northern GOA. 
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Second, the bottom-water properties of the shelf 
change markedly throughout the year. The above 
figures show that the high-salinity bottom waters 
carried inshore are drawn from over the continental 
slope in summer. This inflow occurs annually and 
probably exerts an important dynamical influence 
on the shelf circulation by modifying the bottom 
boundary layer (Gawarkiewicz and Chapman 1992, 
Chapman 2000, Pickart 2000). It might also serve as 
an important seasonal onshore pathway for oceanic 
zooplankton. These animals migrate diurnally over 
the full depth of the water column; during the long 
summer day length, the zooplankton will spend 
more time at the bottom than at the surface. The 
bottom flow that transports the high-salinity water 
shoreward might then result in a net shoreward flux 
of zooplankton in summer. The summertime inflow 
of saline water onto the inner shelf is one means by 
which the slope and basin interior communicates di-
rectly with the nearshore, because (as discussed be-
low) this water is drawn from within the permanent 
halocline (depth horizon over which salinity changes 
rapidly) of the GOA. The deep summer inflow is a 
potentially important conduit for nutrients from 
offshore to onshore. Inflow, however, is not the only 
means by which nutrient-rich offshore water can 
supply the shelf. Other mechanisms include flow up 
canyons intersecting the shelf break (Klinck 1996, 
Allen 1996, Hickey 1997, Allen 2000), topographically 
induced upwelling (Freeland and Denman 1982), and 
shelf-break eddies and flow meanders (Bower 1991). 

The third domain, consisting of the shelf break and 
continental slope, is influenced by the Alaska Cur-
rent, which flows along the northeastern and north-
ern GOA, and its transformation west of 150°W, 
into the southwestward-flowing Alaskan Stream. 
These currents make up the poleward limb of the 
North Pacific Subarctic Gyre and provide the oceanic 
connection between the GOA shelf and the Pacific 
Ocean. The Alaska Current is a broad (300 km), 
sluggish (5 to 15 cm s–1) flow with weak horizontal 
and vertical velocity shears. The Alaskan Stream 
is a narrow (100 km), swift (100 cm s–1) flow with 
large velocity shear over the upper 500 m (Reed and 
Schumacher 1986). The stream continues westward 
along the southern flank of the Alaska Peninsula 
and Aleutian Islands and gradually weakens west 
of 180°W (Thomson 1972). The convergence of the 
Alaska Current into the Alaskan Stream probably 
entails concomitant changes in the velocity and ther-
mohaline gradients along the shelf break. Insofar as 
these gradients influence fluxes between the shelf 
and slope (Gawarkiewicz 1991), the transformation 
of the Alaska Current into the Alaskan Stream im-
plies that shelf-break exchange mechanisms are not 

uniform around the GOA. Moreover, the effects of 
these exchanges on the shelf will also be influenced 
by the shelf width, which varies from 50 km or less 
in the eastern and northeastern GOA to about 200 
km in the northern and northwestern GOA.

The Alaskan Stream has a mean annual volume 
transport (flow of water) of between 15 and 20 Sv 
(Reed and Schumacher 1986, Musgrave et al. 1992), 
and although seasonal transport variations appear 
small, interannual transport variations may be 
as great as 30 percent (Royer 1981a). Thomson et 
al. (1990) found that the Alaska Current is swifter 
and narrower in winter than in summer. Surface 
salinities within the Alaska Current vary by only 
about 0.5 psu throughout the year, whereas the 
seasonal change in sea surface temperature (SST) 
is comparable to that of the shelf (about 10°C). Nev-
ertheless, horizontal and vertical density gradients 
are controlled by the salinity distribution. Maximal 
stratification occurs between depths of 100 and 300 
m and is associated with the permanent halocline of 
the GOA. Halocline salinities range between 33 and 
34 psu, and temperatures are between 5°C and 6°C 
(Tully and Barber 1960, Dodimead et al. 1963, Reid 
1965, Favorite et al. 1976, Musgrave et al. 1992). 
These water-mass characteristics are identical to 
the properties of the deep water that floods the shelf 
bottom each summer (Figure 4.5.)

Although eddy energies of the Alaskan Stream ap-
pear small (Royer 1981a, Reed and Schumacher 
1986), significant alteration of the slope and shelf-
break circulation is likely during occasional passage 
of large (200 km diameter) eddies that populate the 
interior basin (Crawford et al. 1999). Musgrave et 
al. (1992) show considerable alteration in the struc-
ture of the shelf-break front off Kodiak Island dur-
ing the passage of one such eddy. These eddies are 
long-lived (two to three years) and energetic, having 
typical swirl speeds of 20 to 50 cm s–1 (Tabata 1982, 
Musgrave et al. 1992, Okkonen 1992, Crawford et 
al. 1999). They form in the eastern GOA, primarily 
in years of anomalously strong cyclonic wind forcing 
along the eastern boundary (Willmott and Mysak 
1980, Melsom et al. 1999, Meyers and Basu 1999) 
and then propagate westward at about 2 to 3 cm 
s–1. Most of the eddies remain over the deep basin 
and far from the continental slope; however, some 
propagate along the slope, requiring several months 
to transit from Yakutat to Kodiak Island (Crawford 
et al. 1999; S. Okkonen, University of Alaska Fair-
banks, pers. comm., 2001). 

Eddies that impinge upon the continental slope 
could significantly influence the shelf circulation 
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and exchanges between the shelf and slope of salt, 
heat, nutrients, and plankton. Their influence on 
shelf-slope exchange in the northern GOA has not 
been ascertained, but because they propagate slowly, 
are long-lived, and form episodically, they could be 
a source of interannual variability for this shelf. 
These eddies have many features in common with 
the Gulf Stream rings that significantly modify 
shelf properties along the East Coast of the United 
States (Houghton et al. 1986, Ramp 1986, Joyce et 
al. 1992, Wang 1992, Schlitz 1999). In the eastern 
GOA, Whitney et al. (1998) showed that these eddies 
cause a net off-shelf nutrient flux. In the northern 
GOA, they might have the opposite effect, because 
nutrient concentrations are generally higher over 
the slope than on the shelf (T. Whitledge and A. 
Childers, University of Alaska Fairbanks, pers. 
comm., 2000).

4.4 BIOPHYSICAL IMPLICATIONS

The magnitude of the spring phytoplankton bloom 
depends on surface nutrient concentrations and 
water-column stability. The annual resupply of 
nutrients to the euphotic zone is not understood for 
the inner shelf, however. Cross-shelf, surface Ek-
man transport in winter cannot account for the high 
nutrient concentrations observed on the inner shelf 
in spring (T. Whitledge and A. Childers, University 
of Alaska Fairbanks, pers. comm., 2000). Turbulent 
mixing during late fall and winter could mix the 
nutrient-rich deep water (brought onto the shelf in 
summer) up into the surface layer in time for the 
spring bloom. If so, vernal nutrient levels might re-
sult from a two-stage preconditioning process occur-
ring during the several months preceding the spring 
bloom. The first stage occurs in summer and is 
related to the on-shelf movement of saline, nutrient-
rich, bottom water as described above. The quantity 
of nutrients carried onshore then depends upon the 
summer wind field and the properties of the slope 
source water that contributes to this inflow. The 
second step occurs in fall and winter and depends 
on turbulence. Current instabilities, downwelling-
induced convection, and diffusion accomplish the 
vertical mixing. The extent of this mixing depends 
upon the seasonally varying stratification and the 
vertical and horizontal velocity structure of the ACC. 
Each of these mechanisms probably varies from year 
to year, suggesting that spring nutrient concentra-
tions will also vary. 

Another potentially important nutrient source for 
the inner shelf in spring is PWS. Winter mixing in 
PWS could bring nutrient-rich water to the surface, 

where it is exported to the shelf by that portion of 
the ACC that loops through PWS.

The timing of the spring bloom depends on devel-
opment of stratification within the euphotic zone. 
The euphotic zone extends from the surface to a 
depth where sufficient light still exists to support 
photosynthesis. Stratification within the euphotic 
zone is influenced by freshwater discharge and solar 
heating. Preliminary GLOBEC data (T. Whitledge 
and D. Stockwell, University of Alaska Fairbanks, 
pers. comm., 2000) suggest that the spring bloom 
begins in protected regions of PWS in late March 
as day length increases and stratification builds as 
a result of snowmelt, rainfall, and the sheltering 
effect of PWS from winds. The bloom on the shelf 
lags that of PWS by two to six weeks and may not 
proceed simultaneously across the shelf. This delay 
results from the time required to stratify the shelf. 
Because density is strongly affected by salinity and, 
therefore, by the spreading of freshwater on the 
shelf, stratification does not evolve by vertical (one-
dimensional) processes phase-locked to the annual 
solar cycle. Rather, stratification depends primarily 
on the rate at which freshwater spreads offshore, 
which is a consequence of three-dimensional circula-
tion and mixing processes intimately associated with 
ocean dynamics. 

Several implications follow from this hypothesis. 
First, spring bloom dynamics on the shelf are not as 
tightly coupled to the solar cycle as on mid-latitude 
shelves where temperature controls density. Second, 
mixed-layer development depends on processes oper-
ating spanning a range of time scales and involves a 
plethora of variables that affect vertical mixing and 
the offshore flux of freshwater from the nearshore. 
These variables include the fractions of winter pre-
cipitation delivered to the coast as snow and rain, 
the timing and rate of spring snowmelt (a function of 
air temperature and cloudiness), and the wind veloc-
ity. The relevant time scales range from a few days 
(storm events) to seasonal or longer. The long time 
scales follow from the fact that the shelf circulation, 
particularly the ACC, can advect the freshwater 
that contributes to stratification from very distant 
regions. Third, interannual variability in the onset 
and strength of stratification on the GOA continen-
tal shelf is probably greater than for mid-latitude 
shelves. This expectation follows from the fact that 
several potentially interacting parameters affect 
stratification, and each or all can vary considerably 
from year to year. Therefore, application of Gargett’s 
(1997) hypothesis of the optimal stability window 
to the GOA shelf involves more degrees of freedom 
than its use on either mid-latitude shelves or the 
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central GOA (where temperature exerts primary 
control on stratification in the euphotic zone). 

All of these considerations suggest that stratification 
probably does not develop uniformly in space or time 
on the GOA shelf. The implications are potentially 
enormous with respect to feeding opportunities for 
zooplankton in spring. These animals must encoun-
ter abundant prey shortly after migrating to the 
surface from their overwintering depths. Emergence 
from diapause (a period of reduced metabolism and 
inactivity) is tightly coupled to the solar cycle, rather 
than the onset of stratification. Conceivably, then, 
zooplankton recruitment success might depend on 
shelf physical processes occurring over a period of 
several months prior to the onset of the bloom. In 
particular, the magnitude and phasing of the spring 
bloom might be preconditioned by shelf processes 
that occurred throughout the preceding summer and 
winter. Perturbations in the magnitude and phasing 
of the spring bloom might propagate through the 
food chain and affect summer and fall feeding suc-
cess of juvenile fishes (Denman et al. 1989).

4.5 TIDES
The tides in the GOA are of the mixed type with 
the principal lunar semi-diurnal (M2) tide being 
dominant and the luni-solar diurnal (K1) tide being, 
in general, of secondary importance. Tidal charac-
teristics (amplitudes and velocities) are strongly 
influenced by the complex shelf and slope bathym-
etry and coastal geometry, however. Consequently, 
spatial variations in the tidal characteristics of these 
two species are large. For example, Anchorage has 
the largest tidal amplitudes in the northern GOA, 
with the M2 tide being about 3.6 m and the K1 tide 
being about 0.7 m. In contrast, the amplitudes of 
both of these constituents in Kodiak and Seward 
are less than half those of Anchorage. Foreman et al. 
(2000) found that the cross-shelf flux of tidal energy 
onto the northwest GOA shelf is enormous and is 
accompanied by high (bottom) frictional dissipation 
rates. Their model estimates indicate that the tidal 
dissipation rate in Kennedy Entrance accounts for 
nearly 50 percent of the total dissipation of the M2 
constituent in the GOA. Further, about one-third of 
the energy of the K1 tide in the GOA is dissipated 
in Cook Inlet. Some of the energy lost from tides is 
available for mixing, which would reduce vertical 
stratification and enhance the transfer of nutrients 
into the euphotic zone. 

The interaction of the tidal wave with varying bot-
tom topography can also generate shelf waves at the 

diurnal frequency and generate residual flows. The 
waves are a prominent feature of the low-frequency 
circulation along the British Columbian shelf (Craw-
ford 1984, Crawford and Thomson 1984, Flather 
1988, Foreman and Thomson 1997, Cummins and 
Oey 2000) and could affect pycnocline displace-
ments. (The pycnocline is a vertical layer across 
which water density changes are large and stable.) 
The model of Foreman et al. (2000) predicts diur-
nal-period shelf waves in the northwest GOA and 
especially along the Kodiak shelf break. Although no 
observations are available to confirm the presence 
of such waves along the Kodiak shelf, their presence 
could influence biological production here as well 
as the dispersal of planktonic organisms. Residual 
flows resulting from nonlinear tidal dynamics could 
(locally) influence the transport of suspended and 
dissolved materials on the shelf.

Seasonal changes in water-column stratification 
can also affect the vertical distribution of tidal 
energy over the shelf through the generation of 
internal (baroclinic) waves of tidal period. Such mo-
tions are likely to occur in summer and fall in the 
northwestern GOA where the flux of barotropic tidal 
energy (which is nearly uniformly distributed over 
the water column) across the shelf break (Foreman 
et al. 2000) interacts with the highly stratified water 
column on the shelf. The internal waves generated 
can have small spatial scales (tens of kilometers) in 
contrast to the large scale (thousands of kilometers) 
of the generating barotropic tidal waves. Moreover, 
the phases and amplitudes of the baroclinic tides 
will vary with seasonal changes in stratification. 
Although no systematic investigation of internal 
tides on the GOA shelf has been conducted, S. Dan-
ielson (University of Alaska Fairbanks, pers. comm., 
2000) found that the tidal velocities in the ACC 
near Seward in winter are about 5 cm s–1 and are 
barotropic. However, in late summer, tidal veloci-
ties in the upper 50 m are about 20 cm s–1 whereas 
below 100 m depth they are about 5 cm s–1. Internal 
tides will also displace the pycnocline sufficiently to 
have biological consequences, including the pump-
ing of nutrients into the surface layer, the dispersal 
of plankton and small fishes, and the formation of 
transitory and small-scale zones of horizontal diver-
gence and convergence that affect feeding behaviors 
(Mann and Lazier 1996). Stratified tidal flows might 
also be significant for some silled fjords. The inter-
action of the tide with the sill can enhance mixing 
and exchange (Farmer and Smith 1980, Freeland 
and Farmer 1980) and can resupply the inner fjord 
with nutrient-rich, high-salinity water and plankton 
through Bernoulli suction effects (Thompson and 
Golding 1981, Thomson and Wolanski 1984). 
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4.6 GULF OF ALASKA BASIN
The circulation in the central GOA consists of the 
cyclonically (counterclockwise) flowing Alaska Gyre, 
which is part of the more extensive subarctic gyre 
of the North Pacific Ocean. The center of the gyre 
is at about 53°N, and 145° to 150°W. The gyre in-
cludes the Alaska Current and Alaskan Stream and 
the eastward-flowing North Pacific Current along 
the southern boundary of the GOA. The latter is a 
trans-Pacific flow that originates at the confluence 
of the northward-flowing Kuroshio Current and the 
southward-flowing Oyashio Current in the western 
Pacific. Some water from the Alaskan Stream ap-
parently recirculates into the North Pacific Current, 
but the strength and location of this recirculation is 
poorly understood and appears to be extremely vari-
able (Favorite et al. 1976). The North Pacific Current 
bifurcates off of the western coast of North America, 
with the northward flow feeding the Alaska Gyre 
and the southward branch entering the California 
Current. The bifurcation zone is located roughly 
along the zero line in the climatological mean for the 
wind stress curl. The gyral flow reflects the large-
scale cyclonic wind-stress distribution over the GOA. 
Mean speeds of drifters deployed in the upper 150 
m of this gyre (far from the continental slope) are 2 
to 10 cm s–1, but the variability is large (Thomson et 
al. 1990). These cyclonic winds also force a long-term 
average upwelling rate of about 10 to 30 m yr–1 in 
the gyre center (Xie and Hsieh 1995).

The vertical thermohaline structure of the Alaska 
Gyre is described by Tully and Barber (1960) and 
Dodimead et al. (1963) and consists of the following 
components: 

• A seasonally varying upper layer that extends 
from the surface to about the 100 m depth;

• A halocline that extends from 100 m to about 
the 200 m depth over which salinity increases 
from 33 to 34 psu and temperatures decrease 
from 6 to 4°C; and 

• A deep layer, extending from the bottom of 
the halocline to about the 1,000 m depth, over 
which salinity increases more slowly to about 
34.4 psu and temperatures decrease from 4° to 
3°C. 

Below the deep layer salinity increases more slowly 
to its maximal value of about 34.7 psu at the bot-
tom.

The seasonal variations of the upper layer reflect the 
effects of wind-mixing and heat exchange with the 
atmosphere—essentially one-dimensional mixing 
processes. The ocean loses heat to the atmosphere 
from October through March and gains heat from 
April through September. The upper layer is isoha-
line and isothermal in winter down to the top of the 
halocline. At this time, upper-layer salinities range 
from 32.5 to 32.8 psu, and temperatures range from 
4° to 6°C. The upper layer is fresher and colder in 
the northern GOA and saltier and warmer in the 
southern GOA. The upper layer gradually freshens 
and warms in spring, as wind speeds decrease and 
solar heating increases. A summer mixed layer 
forms that includes a weak secondary halocline and 
a strong seasonal thermocline, with both centered 
at about the 30 m depth. The seasonal pycnocline 
erodes and upper layer properties revert to winter con-
ditions as cooling and wind-mixing increase in fall.

The halocline is a permanent feature of the subarctic 
North Pacific Ocean and represents the deepest limit 
over which winter mixing occurs within the upper 
layer. The halocline results from the high (compared 
with other ocean basins) rates of precipitation and 
runoff in conjunction with large-scale, three-dimen-
sional circulation and interior mixing processes oc-
curring over the North Pacific (Reid 1965, Warren 
1983, Van Scoy et al. 1991, Musgrave et al. 1992). 
The strong density gradient of the halocline effec-
tively limits vertical exchange between saline and 
nutrient-rich deep water and the upper layer. The 
deep waters of the GOA consist of the North Pacific 
Intermediate Water (formed in the northwestern 
Pacific Ocean) and, at greater depths, contributions 
from the North Atlantic. Mean flows in the deep 
interior are feeble (1 cm s–1), and the flow dynamics 
are governed by both the climatological wind stress 
distribution (Koblinsky et al. 1989) and the global 
thermohaline circulation (Warren and Owens 1985) 
modified by the bottom topography. The thermoha-
line circulation carries nutrient-rich waters into the 
North Pacific and forces a weak and deep upwelling 
throughout the region (Stommel and Arons 1960a,b; 
Reid 1981). 
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CHAPTER5

5.1 MARINE NUTRIENTS
The overall fertility of the Gulf of Alaska (GOA) 
depends primarily on nutrient resupply from deep-
water sources to the surface layer where plants 
grow. Rates of carbon fixation by phytoplankton in 
the euphotic zone are limited seasonally and an-
nually by changing light levels and the kinds and 
supply rates of several dissolved inorganic chemical 
species. Three elements—nitrogen, phosphorus, and 
silicon—are essential for photosynthesis (Parsons 
et al. 1984). Other dissolved inorganic constituents 
such as iron are also believed to control rates of 
photosynthesis at some locations and times (Martin 
and Gordon 1988, Freeland et al. 1997, Pahlow and 
Riebsell 2000). 

Organic matter synthesized by plants in the lighted 
surface layer is consumed there or sinks down into 
the deeper water where some may eventually reach 
the seabed. The unconsumed portion is oxidized to 
inorganic dissolved forms by bacteria at all depths. 
In the euphotic zone, inorganic nutrients excreted 
by zooplankton and fish, or liberated by bacterial 
oxidation (a process referred to as remineraliza-
tion), are used immediately by phytoplankton. In 
contrast, living cells, organic detritus (remains of 
dead organisms), and fecal pellets that escape the 
euphotic zone by sinking are remineralized below 
the lighted upper layer, and the resulting inorganic 
forms are temporarily lost to surface plant stocks. 
These combined processes lead to vertical distribu-
tions of dissolved inorganic nitrogen, phosphorus, 
and silicon in which the surface concentrations are 
much lower than those found deeper in the water 
column (Reeburgh and Kipphut 1986). Geostrophic 
(shaped by the earth’s rotation) and wind-forced up-
welling and deep seasonal overturn provide mecha-
nisms that bring nutrient-enriched deep water back 
into the surface layer each year (Schumacher and 
Royer 1993). Also, at depths shallower than about 
100 m, tidal mixing resulting from friction across 
the bottom can interact with the wind-mixed sur-
face layer to provide an intermittent avenue for sur-
face nutrient replenishment during all seasons.

Concentrations of the dissolved inorganic forms of 
nitrogen (nitrate, nitrite, and ammonia), phosphorus 
(phosphate), and silicon (silicate) occur at some of 
the highest levels measured anywhere in the deep 
waters of the GOA (Mantyla and Reid 1983). A per-
manent strong pycnocline, resulting from the low 
salinity of the upper 120 to 150 m, limits access to 
this valuable pool; deep winter mixing rarely reach-
es below about 110 m in waters over the deep ocean 
(Dodimead et al. 1963, Favorite et al. 1976). Al-
though upwelling occurs in the center of the Alaska 
Gyre, it is believed to be only on the order of a meter 
(or considerably less) per day (Sugimoto 1993, Xie 
and Hsieh 1995), a relatively modest rate compared 
to some regions of high productivity like the Peru or 
Oregon coastal upwellings. Away from the Alaska 
Gyre along the northern continental margin of the 
GOA, the prevailing winds drive a predominately 
downwelling environment over the continental shelf 
for seven to eight months each year. Although this 
condition usually moderates during the summer, 
there is little evidence that wind-forced coastal up-
welling is ever well developed. Instead, during the 
period of relaxed downwelling a rebound of isopycnal 
(density boundaries; waters having the same densi-
ties) surfaces along the shelf edge permits the run-
up of dense slope water onto and across the shelf. 
This subsurface water, containing elevated concen-
trations of dissolved nutrients, flows into the deeper 
coastal basins and fjords (Muench and Heggie 1978, 
Heggie and Burrell 1981). Presumably the timing 
and duration of this coastal bottom water renewal 
is related to the nature of the Pacific high pressure 
dominance in the GOA each summer. 

The nearshore waters in the northern GOA are also 
influenced by runoff from a large number of streams, 
rivers, and glaciers in the rugged coastal margin. In 
these areas, which are largely untouched by agri-
culture, this input probably contributes little to the 
coastal nutrient cycle, except possibly as a source for 
silicon and iron (Burrell 1986). Therefore, the major 
pool of plant nutrients for water column production 
in ocean, shelf, and coastal regions is derived from 
marine sources and resides in the deep waters below 
the surface production zone.

Biological and Chemical Oceanography
Robert T. Cooney
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Because light limits carbon fixation during the 
winter months, there is a strong seasonal signal 
in nutrient concentrations in the euphotic zone in 
upper-layer shelf, coastal, and inside waters. Dur-
ing the winter, dissolved inorganic plant nutrients 
build their concentrations in the deepening wind-
mixed layer as deeper, nutrient-rich water becomes 
involved in the seasonal overturn when uptake by 
phytoplankton is minimal. Under seasonal light 
limitation, surface nutrient concentrations usually 
peak in March, just before the onset of the annual 
plankton production cycle. By mid- to late May and 
early June, euphotic zone nutrients are drawn down 
dramatically to seasonal lows as the stratification 
that initiates the spring “bloom” of plant plankton 
severely restricts the vertical flux of new nutrients 
(Goering et al. 1973). Nitrate can become undetect-
able or nearly so during the summer months in many 
shelf and coastal areas, and ammonia (excreted by 
grazers) becomes important in sustaining the much 
reduced primary productivity. Later in fall, with 
the onset of the Aleutian Low and the storms that it 
produces, a cooling and deepening wind-mixed layer 
can reinject sufficient new nutrients into a shrinking 
euphotic zone to initiate a fall plant bloom in some 
years (Eslinger et al. 2001).

The strong seasonal signal of nutrients and plant 
stocks evident on the continental shelf is somewhat 
diminished in surface waters seaward of the shelf 
break in the GOA. The region beyond the continen-
tal shelf break is described as “high nutrient, low 
chlorophyll.” It was believed historically that large 
calanoid copepods (species of zooplankton endemic 
to the subarctic Pacific) consumed sufficient plant 
biomass each year to control the overall productiv-
ity below levels needed to completely exhaust the 
surface nitrogen (Heinrich 1962, Parsons and Lalli 
1988). 

More recently, iron limitation has been posed as a 
mechanism controlling primary production in the 
GOA and in several other offshore regions of the 
world’s oceans (Martin and Gordon 1988). Con-
temporary research in the GOA has revealed that 
control of the amount of food produced by phyto-
plankton through grazing of zooplankters is prob-
ably important, although the species of zooplankton 
involved are not the large calanoid copepods (Dagg 
and Walser 1987, Frost 1991, Dagg 1993). Produc-
tion of phytoplankton is now thought to be controlled 
by an assemblage of microconsumers, represented 
by abundant ciliate protozoans and small flagel-
lates (Booth et al. 1993). Because the growth rates 
of these grazers are about the same as those of the 
plants, it is hypothesized that these microconsumers 

are capable of efficiently tracking and limiting the 
overall oceanic production by eating the primary 
producers (Banse 1982). This control mechanism is 
possible because the plant communities are domi-
nated by very small cells, 10 microns or less, that 
serve as food for the microconsumers. 

A related hypothesis asserts that the small size of 
the plants is actually in response to low levels of 
iron. It is known that faced with nutrient limita-
tion, phytoplankton communities generally shift to 
small-sized species whose surface-area-to-volume 
ratios are high. 

Surprising recent observations demonstrate a trend 
in increasing temperatures in the upper layers that 
may be causing a shift in the seasonal nutrient 
balance offshore (Polovina et al. 1995, Freeland et 
al. 1997). For the first time, there are reports that 
nitrogen has been drawn down to undetectable 
levels along “Line P” in the southern GOA out to 
a distance of 600 km from the coast. Line P is an 
oceanographic transect occupied by the Canadian 
government which is the oldest source of data from 
the southern GOA. The evidence indicates that the 
winter mixed layer is shoaling under long-term 
warming conditions. 

An essential continuing issue is to understand how, 
at a variety of spatial and temporal scales, the sup-
ply rates of inorganic nitrogen, phosphorus, silicon, 
and other essential nutrients for plant growth in 
the euphotic zone are mediated by climate-driven 
physical mechanisms in the GOA. Inorganic nutri-
ent supplies might be influenced by climate changes 
in the following ways:

• Upwelling in the Alaska Gyre;

• Deep winter mixing;

• Shelf and coastal upwelling and downwelling;

• Vertical transport in frontal zones and eddies; 
and 

• Deep and shallow cross-shelf transports.

In addition to these mechanisms, the Alaska 
Coastal Current may play a role that has yet to be 
determined in the supply rates of dissolved inorganic 
nutrients to nearshore habitats (Schumacher and 
Royer 1993). Finally, the import of marine-derived 
nitrogen associated with the spawning migrations 
of salmon and other anadromous fishes has been 
described as a novel means by which the oceanic 
GOA enriches the terrestrial margin each year. This 
allochthonous input (food from an outside source) to 
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the drainages bordering the GOA is clearly impor-
tant in many freshwater nursery areas hosting the 
early life stages of Pacific salmon (Finney 1998) and 
probably varies with interannual and longer-term 
changes in salmon abundance. 

5.2 PLANKTON AND    
 PRODUCTIVITY
Much of what is presently understood about the 
plankton communities and their productivity in the 
GOA has arisen from several programs examining 
the open ocean and shelf environments. These pro-
grams have included the following:

• U.S.-Canada NORPAC surveys (LeBrasseur 
1965);

• Subarctic Pacific Ecosystem Research (SUPER) 
project of the National Science Foundation 
(NSF) (Miller 1993);

• The multi-decadal plankton observations from 
Canadian Ocean Station P (OSP) and Line 
P (McAllister 1969, Fulton 1983, Frost 1983, 
Parsons and Lalli 1988);

• Annual summer Japanese vessel surveys by 
Hokkaido University (Kawamura 1988);

• The Outer Continental Shelf Energy Assess-
ment Program (OCSEAP) by Minerals Manage-
ment Service (MMS) and National Oceanic and 
Atmospheric Administration (NOAA) (Hood and 
Zimmerman 1986); and 

• The Shelikof Strait Fisheries Oceanography Co-
operative Investigation (FOCI) study by NOAA 
and NMFS (Kendall et al. 1996).

Additional and more recent programs include the 
North Pacific GLOBEC and those supported by 
the EVOS Trustee Council. The above-mentioned 
programs and a few other studies provide a reason-
ably coherent first-order view of the structure and 
function of lower trophic levels in the northeastern 
subarctic Pacific Ocean. A serious gap in the de-
tailed understanding of relationships between the 
observed inshore and offshore production cycles 
remains, however—namely how these quite differ-
ent marine ecosystems are phased through time 
and interact at their boundaries over the shelf. As 
a result, information is now lacking about how the 
effects of future climate change may manifest in food 
webs supporting higher level consumers, except in a 
very general way.

5.2.1 Seasonal and Annual  
 Plankton Dynamics

The composition, distribution, abundance, and pro-
ductivity of plant and animal plankton communi-
ties in the GOA have been reviewed by Sambrotto 
and Lorenzen (1986), Cooney (1986), Miller (1993), 
and Mackas and Frost (1993). In general, dramatic 
differences are observed between pelagic communi-
ties over the deep ocean, and those found in shelf, 
coastal, and protected inside waters (sounds, fjords, 
and estuaries). Specifically, the euphotic zone sea-
ward of the shelf edge is dominated year-round by 
very small phytoplankters—tiny diatoms, naked 
flagellates, and cyanobacteria (Booth 1988). Most 
are smaller than 10 microns in size, and their com-
bined standing stocks (measured as chlorophyll 
concentration) occur at very low and seasonally 
stable levels. It was originally hypothesized that a 
small group of large oceanic copepods (Neocalanus 
spp. and Eucalanus bungii) limited plant numbers 
and open ocean production by efficiently controlling 
the plant stocks through grazing (Heinrich 1962). 
More recent evidence, however, indicates the pre-
dominant grazers on the oceanic flora are not the 
large calanoids (Dagg 1993), but instead abundant 
populations of ciliate protozoans and heterotrophic 
microflagellates (Miller et al. 1991a,b; Frost 1993). It 
has been further suggested that in these high nutri-
ent, low chlorophyll oceanic waters, very low levels 
of dissolved inorganic iron (coming mainly from 
atmospheric sources) are ultimately responsible for 
structuring the composition of the primary produc-
ers and consumers (Martin and Gordon 1988, Mar-
tin 1991). Close reproductive and trophic coupling 
between the nanophytoplankton and microconsum-
ers appears to restrict levels of primary productivity 
below that needed to exhaust all of the seasonally 
available nitrogen each year (Banse 1982). More-
over, the excreta of the microconsumers is diffuse, 
with low sinking rates, and is easily oxidized by 
bacteria. Ammonia (derived from grazer-released 
urea) is a preferred plant nutrient and the first 
oxidation product recycled in this way. Wheeler and 
Kokkinakis (1990) demonstrated that as long as am-
monia is available for the plants, nitrate uptake in 
the euphotic zone is much reduced. Together, these 
findings are demonstrating new relationships and 
nutrient balances at the base of the offshore pelagic 
ecosystem in the GOA. 

In contrast, some shelf, and most coastal, and inside 
waters host a more traditional plankton community 
in which large and small diatoms and dinoflagellates 
support a copepod-dominated grazing assemblage 
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(Sambrotto and Lorenzen 1986, Cooney 1986). Here, 
the annual production cycle is characterized by well-
defined spring (and sometimes fall) blooms of large 
diatom species (many larger than 50 microns) whose 
productivities are limited seasonally by the rapid 
utilization of dissolved inorganic nitrogen, phospho-
rus, and silicon in the euphotic zone (Ward 1997, 
Eslinger et al. 2001). These blooms typically begin in 
late March and early April in response to a seasonal 
stabilization of the winter-conditioned deep mixed 
layer. High rates of photosynthesis usually last 
only four to six weeks (Goering et al. 1973). Strong 
periods of wind, tidal mixing, or both during the 
bloom can prolong the production by interrupting 
the conditions of light and stability needed to sup-
port plant growth. When the phytoplankton bloom 
is prolonged in this way, its intensity is lessened, but 
considerably more organic matter is directed into 
pelagic food webs, rather than sinking to feed seabed 
consumers (Eslinger et al. 2001). Accelerated sea-
sonal warming and freshening of the upper layers in 
May and June provide increasing stratification that 
eventually restricts the vertical flux of new nutrients 
and limits summer primary productivity to very low 
levels. In some years, a fall bloom of diatoms occurs 
in September and October in response to a deepen-
ing wind-mixed layer and enhanced nutrient levels. 
The ecological significance of the fall portion of the 
pelagic production cycle remains undescribed. 

In both the ocean and shelf domains, strong seasonal 
signals occur in standing stocks and estimates of 
daily and annual rates of production for the phy-
toplankton and zooplankton. Some of the earliest 
measurements of photosynthesis at Canadian Ocean 
Station P (OSP) placed the annual primary produc-
tion in the southern part of the Alaska Gyre at about 
50 grams of carbon per square meter per year (g C 
m–2y–1) (McAllister 1969), or somewhat lower than 
the overall world ocean average of about 70 g C 
m–2y–1. More recent studies using other techniques, 
however, have suggested higher annual rates, 
somewhere between 100 and 170 g C m–2y–1 (Welsch-
meyer et al. 1993). Unlike the production cycle over 
the shelf, the oceanic primary productivity does not 
produce an identifiable spring/summer plant bloom. 
Instead, the oceanic phytoplankton stock remains at 
low levels (about 0.3 milligrams [mg] of chlorophyll 
a m–3) year-round for reasons discussed above. In 
stark contrast, oceanic stocks of zooplankton (upper 
150 m) do exhibit marked seasonality. Late winter 
values of 5 to 20 mg m–3 (wet weight) rise to 100 
to 500 mg m–3 in mid-summer, when upper-layer 
populations of large calanoids dominate the stand-
ing stock. Assuming the zooplankton production is 
roughly 15 percent of the oceanic primary productivity 

(Parsons 1986), annual estimates of zooplankton 
carbon production arising from primary productivity 
range between 8 and 26 g C m–2. Given  the carbon 
content of an average zooplankter is approximately 
45 percent of the dry weight, and that dry weight 
is about 15 percent of the wet weight (Omori 1969), 
annual carbon production can be converted to crude 
estimates of biomass. Results from this calculation 
suggest that between 119 and 385 g of biomass m–2 
may be produced each year in the upper layers of the 
oceanic regime from sources thought to be largely 
zooplankton. 

The shelf, coastal, and inside waters present a mo-
saic of many different pelagic habitats. The open 
shelf (depths less than 200 m) is narrow in the east 
between Yakutat and Kayak Island (20 to 25 km in 
some places), but broadens in the north and west 
beyond the Copper River (about 100 to 200 km). The 
shelf is punctuated by submarine canyons and deep 
straits, but also rises to extensive shallow banks at 
some locations. The rugged northern coastal margin 
is characterized by numerous islands, coastal and 
protected fjords, and estuaries. Only Prince William 
Sound (PWS) is deeper than 400 m.

Although the measurements are sparse, the open 
shelf and coastal areas of the northern GOA are be-
lieved to be quite productive, particularly the region 
between PWS and Shelikof Strait (Sambrotto and 
Lorenzen 1986). Coastal transport and turbulence 
along the Kenai Peninsula, in lower Cook Inlet, 
and around Kodiak and Afognak islands appears 
to enhance nutrient supplies during the spring 
and summer. Annual rates of primary production 
approaching 200 to 300 g C m–2y–1 have been de-
scribed. In other coastal fjords, sounds, and bays, 
the estimates of annual primary production range 
from 140 to more than 200 g C m–2y–1  (Goering et 
al. 1973, Sambrotto and Lorenzen 1986). Assum-
ing again that the annual zooplankton production 
is roughly 15 percent of the primary productiv-
ity, yearly zooplankton growth in shelf and coastal  
areas probably ranges between 21 and 45 g C m–2y–1, 
or 311 to 667 g m–2y–1 wet weight. In PWS, the 
wet-weight biomass of zooplankton caught in nets 
in the upper 50 m varies from a low in February of 
about 10 mg m–3 to a high of more than 600 mg m–3 
in June and July (Cooney et al. 2001a). For selected 
other coastal areas outside PWS, the seasonal range 
of zooplankton biomass includes winter lows of 
about 40 mg m–3 to spring/summer highs approach-
ing 5,000 mg m–3. 

In addition to strong seasonality in standing stocks 
and rates of production, plankton communities also 
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exhibit predictable seasonal species succession each 
year. Over the shelf, the large diatom-dominated 
spring bloom gives way to dinoflagellates and other 
smaller forms as nutrient supplies diminish in late 
May and early June. Ward (1997) described the 
phytoplankton species succession in PWS. She found 
that early season dominance in the phytoplankton 
bloom was shared by the large chain-forming dia-
toms Skeletonema, Thalassiosira, and Chaetoceros. 
Later in June, under post-bloom nutrient restriction, 
diatoms were dominated by smaller Rhizosolenia 
and tiny flagellates. This seasonal shift in dominance 
from larger to smaller plant species in response to 
declining nutrient concentrations and supply rates 
is commonly observed in other high-latitude systems 
and is believed to be at least partially responsible for 
driving the succession in the grazing community. 

The zooplankton succession is somewhat more com-
plex and involves interchanges between the ocean 
and shelf ecosystems. In the winter and spring, the 
early copepodite stages of Neocalanus spp. begin ar-
riving in the upper layers from deepwater spawning 
populations (Miller 1988, Miller and Nielsen 1988, 
Miller and Clemons 1988). This arrival occurs in 
some coastal areas (at depths of more than 400 m) in 
late February and early March, but is delayed about 
thirty days in the open ocean. Both Neocalanus spp. 
and Eucalanus bungii are interzonal seasonal migra-
tors, living a portion of their life cycle in the upper 
layers as developing copepodites, and later resting in 
diapause in the deep water preparing for reproduc-
tion. While maturing in the oceanic surface water, 
Neocalanus plumchrus and N. flemingeri inhabit the 
wind-mixed layer above the seasonal thermocline 
(upper 25 to 30 m), while N. cristatus (the largest of 
the subarctic copepods) and Eucalanus bungii are 
found below the seasonal stratification (Mackas et 
al. 1993). The unusual partitioning of the surface 
ocean environment by these species has not yet been 
verified for shelf and coastal waters, although it has 
been suggested that the partitioning may occur in 
the deepwater fjords and sounds (T. Cooney, Univer-
sity of Alaska Fairbanks,  unpubl. data).

Along with the early copepodites of the interzonal 
migrators, the late winter and spring shelf zoo-
plankton community also hosts small numbers of 
Pseudocalanus spp., Metridia pacifica, M. okhoten-
sis, and adult Calanus marshallae. Because these 
copepods must first feed before reproducing, their 
seasonal numbers and biomass are set by the tim-
ing, intensity, and duration of the diatom bloom. By 
May and early June, the abundances of small cope-
pods like Pseudocalanus and Acartia are increasing, 
but the community biomass is often dominated by 

relatively small numbers of very large developmen-
tal stages (C4 and C5) of Neocalanus (Cooney et al. 
2001a). After Neocalanus leaves the surface waters 
in late May and early June for diapause below the 
surface, Pseudocalanus, Acartia, and Centropages 
(small copepods); the pteropod Limicina pacifica; 
and larvaceans (Oikopleura and Fritillaria) occur 
in increasing abundance. Later, from summer to 
fall and extending into early winter, carnivorous 
jellyplankters represented by ctenophores and small 
hydromedusae, and chaetognaths (Sagitta elegans) 
become common. These shifting seasonal dominants 
are joined by several different euphausiids (Euphau-
sia and Thysanoessa) and amphipods (Cyphocaris 
and Parathemisto) throughout the year. Despite the 
fact that the subarctic net-zooplankton community 
consists of a large number of different animal taxa, 
most of the biomass and much of the abundance in 
the upper 100 m is accounted for by fewer than two 
or three dozen species (Cooney 1986).

5.2.2 Interannual and Decadal-Scale  
 Variation in Plankton Stocks

Few measurements and estimates are available 
for year-to-year and decadal-scale variability in 
primary and secondary productivity in all marine 
environments in the northern GOA (Sambrotto and 
Lorenzen 1986). Fortunately, some information 
is available about variable levels of zooplankton 
stocks. Frost (1993) described interannual changes 
in net-zooplankton sampled from 1956 to 1980 at 
OSP. Year-to-year variations in stocks of about a 
factor of five were characteristic of that data set, 
and a slight positive correlation with salinity was 
observed. Cooney et al. (2001b) examined an 18-year 
time series of settled zooplankton volumes from 
eastern PWS collected near salmon hatcheries by 
the personnel of the Prince William Sound Aqua-
culture Corporation, Cordova. Once again, annual 
springtime differences of about a factor of five were 
apparent in that data. In addition, from 1981 to 
1991, settled zooplankton volumes in PWS were also 
strongly and positively correlated with the strength 
of the Bakun upwelling index calculated for a loca-
tion near Hinchinbrook Entrance. This correlation 
completely disappeared after 1991 (Eslinger et al. 
2001).  Also, the years of highest settled volumes in 
eastern PWS (1985 and 1989) were only moderate 
years for zooplankton reported by Incze et al. (1997) 
for Shelikof Strait, suggesting the Kodiak shelf and 
PWS populations were phased differently for at least 
those years. Sugimoto and Tadokoro (1997) report 
a regime shift in the subarctic Pacific and Bering 
Sea in the early 1990s that generally resulted in 
lower zooplankton stocks in both regions. Perhaps 
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in response to this phenomenon, springtime settled 
zooplankton volumes in PWS also declined by about 
50 percent after 1991 (Cooney et al. 2001b). 

The most provocative picture of decadal-scale change 
in zooplankton abundance in the GOA is provided by 
Brodeur and Ware (1992) (Figure 5.1). Using spatial-
ly distributed oceanic data sets reporting zooplank-
ton biomass from 1956 to 1962, and again from 1980 
to 1989, these authors were able to capture the large-
scale properties of the pelagic production cycle dur-
ing both positive and negative aspects of the Pacific  
decadal oscillation (PDO) (Mantua et al. 1997). A 
doubling of net-zooplankton biomass was observed 
under conditions of increased winter winds respond-
ing to an intensified Aleutian Low (the decade of the 
1980s). This sustained doubling of biomass was also 
reflected at higher trophic levels in the offshore food 
web (Brodeur and Ware 1995). It was believed the 
observed production stimulation during the decade 
of the 1980s was created by increased nutrient lev-
els associated with greater upwelling in the Alaska 
Gyre. The observed horizontal pattern of upper 
layer zooplankton stocks (Figure 5.1) was an impres-
sive areal expansion (positive PDO) or contraction 
(negative PDO). Under periods of intensified winter 
winds, some of the highest oceanic zooplankton 
concentrations were developed in a band along the 
shelf edge in the northern regions in the GOA. Un-
fortunately, data from the shelf itself during this 
same time period are not sufficient to ascertain how 
this elevated biomass may have reached the coastal 
areas, perhaps intruding PWS.

5.2.3 Factors Affecting Trophic   
 Exchanges between the Plankton  
 and Larger Consumers

Most would concede that the general theory of tro-
phodynamics articulated by Lindeman (1942) sixty 
years ago to represent ways in which matter and 
energy are transferred through aquatic communi-
ties (by different levels of producers and consum-
ers) is an overly simplistic picture of the complex 
interactions and nonlinear relationships we see 
today. Useful in the lecture hall as a teaching tool, 
and successfully applied to certain problems where 
first-order estimates of production at hypothetical 
levels are sought based on estimates of plankton 
productivity, these formulations usually lack any dy-
namic connection with the physical environment or 
nutrient levels. They also generally fail to delineate 
seasonality or other important temporal variability. 
Nonetheless, because of the ease of their application 
and the acceptance of certain simplifying assumptions 

(generalized ecological transfer efficiencies and 
lumping taxa within trophic levels), the linear food-
web or carbon budget approach continues to be used 
for selected purposes.

Bottom-up trophic models of food web structure 
supporting the production of fishes, birds, and 
mammals in open ocean, slope, estuarine, and fjord 
environments in the GOA were formulated by Par-
sons (1986) in a synthesis of information compiled 
primarily as the result of the Minerals Management 
Service (MMS)–funded Outer Continental Shelf 
(OCS) studies. More recently Okey and Pauly (1998) 
developed a mass balance formulation with the Eco-
path model of trophic mass balance for a PWS food 
web as the result of the EVOS Restoration Program. 
These models are certainly instructive at some level 
of generality, but their usefulness for describing spe-
cific climate-related mechanisms that might modify 
food-web transfers is limited by their detachment 
from the physical environment and their reliance 
on annually or seasonally averaged stock sizes and 
productivities. 

Instead, it may be more instructive to examine how 
evolved behavioral traits and other aspects of the 
life histories of the dominant plankters (and other 
forage taxa) lend themselves to food-web transfers 
that could be affected by climate change. To do this, 
it will be important to study how the biology at 
lower trophic levels interacts (on a variety of time 
and space scales) with the physical environment to 
create enhanced (or diminished) trophic opportuni-
ties in the consumer matrix of different habitats and 
seasonal characterizations that pervade the marine 
ecosystem in the northern GOA. The compressed 
nature of the annual plankton production cycle in 
oceanic, shelf, and coastal waters seemingly places 
a premium on “timing” as a strategy to maximize the 
chances for successfully linking consumers to each 
year’s burst of organic matter synthesis. Paul and 
Smith (1993) found that yellowfin sole replenished 
their seasonally depleted energy reserves each year 
in a short period of about one month following the 
peak in primary productivity. This rapid replenish-
ment of energy reserves is presumably possible 
because of the structural properties of forage popu-
lations that occur abundantly during the short and 
intense production cycle. Patch-dependent feeding is 
a term used to describe how many consumers respond 
to the grainy time and space distributions of food in 
their feeding environments (Valiela 1995). In the 
case of plankters, which by definition move with the 
water, temporal and spatial patchiness can be created 
or dissipated through interactions with (1) physical 
processes such as vertical and horizontal transport 
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and diffusion, and (2) biological attributes such as 
rapid growth and swarming or layering in associa-
tion with feeding and reproductive behaviors.

For example, the more than two month maturation 
process for the large oceanic copepods (Neocalanus 
spp.) growing in the near-surface of the open ocean, 
shelf, and some coastal environments concludes 
with a short period (twenty to thirty days) in which 
the biomass peaks each year, is concentrated in 
the largest (C5) copepodites, and is compressed 
into relatively thin layers and swarms contiguous 
for tens, possibly hundreds of kilometers (Cooney 
1989, Mackas et al. 1993, Coyle 1997, Kirsch et al. 
2000). In its most concentrated form, this seasonally 
ephemeral biomass is an important source of food for 
diving seabirds (Coyle 1997), whales, and planktivo-
rous fishes such as adult Alaska pollock and Pacific 
herring (Willette et al. 1999). Acoustic observations 
suggest the degree of plankton swarming or layering 
depends, in part, on the strength of water column 
mixing and stability. Numerical models of the pro-
duction cycle in PWS demonstrated that interannual 
variations in the timing of the annual biomass peak 
in zooplankton probably reflects differences in the 
timing of the earlier phytoplankton bloom each year. 
Eslinger et al. (2001) reported that the spring diatom 
bloom varied by as much as three weeks from year to 
year in PWS, but that the annual peak in zooplank-
ton always lagged the plants by about twenty-five 
to thirty days. Year-to-year shifts of a week or more 
in the peak of zooplankton biomass may profoundly 

influence the effectiveness of food-web transfers to 
fishes, birds, and other consumers with severe con-
sequences. For example, Pacific herring have appar-
ently evolved a reproductive strategy to place age-0 
juveniles in the water column precisely at the time 
of the mid-summer peak in plankton forage. Failure 
to successfully provision themselves by missing the 
most optimal summer feeding conditions may con-
tribute to high rates of winter starvation for age-0 
herring in PWS (Cooney et al. 2001b).

In another example, Cooney (1983) reported a pos-
sible interaction between the movements occurring 
over the life cycle of large oceanic calanoid, onto-
genetic migrations, and an enrichment of feeding 
habitats for fishes, birds, and mammals over the 
shelf forced by localized convergences in the late 
winter and spring months. As previously mentioned, 
Neocalanus spp. arrive in the surface waters of the 
deep ocean in March and April each year. Early  
copepodite stages are presumably carried across the 
shelf in the wind-forced Ekman flow (upper 60 to 90 
m) where they eventually encounter zones of surface 
convergence (Cooney 1986). Neocalanus spp. in the 
shelf environment depends on the spring diatom 
bloom for growth and maturation. Because the de-
veloping copepodites have an affinity for the upper 
layers where the phytoplankton production occurs 
(Mackas et al. 1993), they may be able to counteract 
regions of downwelling and convergence by continu-
ing to migrate upward in these zones (a few tens of 
meters per day at most). Where they successfully 

Fig. 5.1. Biomass of plankton for spring and summer period contrasted for a negative Pacific decadal 
oscillation (PDO) period (left) and a positive PDO period (right). The shaded boxes present 
zooplankton biomass as follows: A represents 100 to 200 g 1,000 m–3, B represents 201 to 
300 g 1,000 m–3, and C represents more than 300 g 1,000 m–3 (Brodeur and Ware 1992).
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detach themselves from the downwelling water, 
populations advected shoreward into convergences 
(possibly in the frontal region of the Alaska Coastal 
Current [ACC]) will accumulate. These zones of high 
copepod (and perhaps other taxa) biomass should 
represent regions of potentially high trophic ef-
ficiency for planktivores built and maintained for 
a few weeks by wind-forced horizontal and vertical 
transport. 

Cooney (1988) calculated that nearly 10 million 
metric tons of zooplankton could be introduced to 
the shelf annually over 1,000 km of coastline in the 
northern GOA by the wind-forced shoreward Ekman 
transport each year. If only a portion of this bio-
mass is retained in shelf and coastal food webs, the 
“lateral input” of ocean-derived zooplankton (much 
of it represented by the large interzonal calanoids) 
may partially explain how the seasonally persistent 
downwelling shelf sustains the observed high annual 
production at higher trophic levels. Kline (1999), in 
studies of carbon and nitrogen isotopes of zooplank-
ton sampled in Prince William Sound, found that 50 
percent or more of the diapausing Neocalanus crista-
tus overwintering in the deep water originated from 
populations outside PWS each year. Similar isotopic 
signals in herring and other coastal fishes seem to 
confirm a partial role for the bordering ocean in 
“feeding” some coastal habitats. 

Coyle (1997) described the dynamics of Neocalanus 
cristatus in frontal areas along the northern and 
southern approaches to the Aleutian Islands. In re-
gions near water column instabilities that fostered 
nutrient exchange for nearby stratified phytoplank-
ton populations, these large oceanic copepods oc-
curred along pycnoclines in subsurface swarms and 
layers that were attractive feeding sites for diving 
least auklets. These trophic associations (observed 
acoustically) formed and dissipated in response to 
weather and tidal modified forcing of the waters over 
the shelf north and south of the Aleutian Islands. 

Kirsch et al. (2000) described dense layers (10 to 
20 m in vertical extent) of C4 and C5 Neocalanus 
plumchrus, N. flemingeri, and Calanus marshallae 
in the upper 50 m of PWS that serve as seasonally 
important feeding zones for adult Alaska pollock and 
Pacific herring. Swarming behavior in the upper layers 
by these copepods, responding to the distribution of 
their food in the euphotic zone, compresses Neocala-
nus into layers stretching for tens of kilometers that 
are readily located and utilized by planktivores. 
Other observations at the time found these layers 
were absent or only weakly developed in areas with 
high mixing energy like outer Montague Strait. 

Diel migrations of many taxa bring deep populations 
into the surface waters each night. The large bodied 
copepod Metridia spp. and many Pacific euphausiids 
(Euphausia and Thysanoessa) represent zooplank-
ters that undergo substantial daily migrations from 
deep to shallow waters at night. A variety of reasons 
have been proposed for this behavior (Longhurst 
1976). Regardless of the “why,” vertically migrating 
populations that build local concentrations near the 
sea surface during darkness represent another way 
that behavioral traits are responsible for creating 
patchiness that probably enhance trophic exchange. 
Cooney (1989) and Stockmar (1994) studied diel and 
spatial changes in the biomass of net-zooplankton 
and micronekton in the upper 10 m of the open 
ocean and shelf habitats in the northern GOA. They 
found a consistent enrichment of biomass in the sur-
face waters at night caused by Metridia pacifica and 
several different euphausiids that often exceeded 
daylight levels by a factor of five or six.

Springer et al. (1996) make a strong case for the 
enhancement of primary and secondary productivity 
along the shelf edge of the southeastern Bering Sea. 
Citing tidal mixing, transverse circulation, and eddies 
as mechanisms to increase nutrient supplies, this 
so-called “greenbelt” is described as 60 percent more 
productive than the outer-shelf environment and 
270 percent more productive than the bordering deep 
ocean. Earlier, Cooney and Coyle (1982) documented 
the presence of a high-density band of upper-layer 
zooplankton along the shelf edge of the eastern 
Bering Sea. Composed primarily of Metridia spp., 
Neocalanus spp., and Eucalanus bungii, this narrow 
zone of elevated biomass is apparently also a part 
of the greenbelt. Although these features have yet 
to be described for the northern GOA, the present 
North Pacific GLOBEC study  is monitoring primary 
productivity and zooplankton stocks along cross-
shelf transects that should intercept a shelf-edge 
greenbelt if one is present in the northern GOA. 

Finally, meso- and large-scale eddy formation over 
the shelf and slope regimes may also influence the 
patchiness of plankton in ways that could be sus-
ceptible to changing climate forcing. A permanent 
eddy in the coastal water west of Kayak Island is 
often visible because of entrained sediment from the 
Copper River. Formed by a branch of the ACC, this 
eddy may help concentrate plankton populations of 
the upper layer in ways that could later influence 
PWS (Reed and Schumacher 1986). Vaughan et al. 
(2001) and Wang (2001) describe surface eddies in 
the central region of PWS with implications for the 
transport and retention of ichthyoplankton. These 
eddies (cyclonic and anticyclonic) are believed to 
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form in response to seasonal changes in freshwater 
outflow and wind forcing. Large-scale coastal and 
shelf eddies apparently form near Sitka and propa-
gate north and west around the periphery of the 
GOA (Musgrave et al. 1992). Similar features on the 
East Coast of the United States have been shown 
to be long-lived (many months) and capable of sus-
taining unique biological assemblages as they move 
through time and space. These same characteristics 
are also expected for the northern GOA. 

5.2.4 Climate Forcing of Plankton   
 Production in the Gulf of Alaska

A major challenge for investigators is to eventually 
produce a detailed understanding of lower trophic 
level processes that arise through biological inter-
actions with the spatially distributed geological 
and physical properties of the northern GOA. This 
evolving understanding must take into account the 
flow-through nature of the northern and eastern 
regions—downstream from southern Southeast 
Alaska and northern Canada (through the ACC) 
and also downstream from portions of the southern 
oceanic Subarctic and Transition Zone domains 
(through the North Pacific and Alaska currents). 
The “open” condition places increasing importance 
on understanding levels of plankton imports (from 
the south) and exports (to the west) in the periphery 
of the GOA affected by the ACC (Napp et al. 1996) 
and shelf-break flows (Alaska Current and Alaskan 
Stream). It will also be necessary to understand the 
effects that the open ocean gyre may exert on shelf 
and coastal plankton stocks and their seasonal and 
annual production within the northern GOA. Here 
too the import (or export) of nutrients, organic de-
tritus, and living plankton stocks to (or from) the 
shelf must be evaluated under different conditions 
of climate and weather.

The picture that emerges from the aggregate of 
previous and ongoing plankton studies describes a 
large oceanic ecosystem strongly forced by physical 
processes that are meteorologically driven. Physical 
processes such as deep and shallow currents, large-
scale and localized upwelling and downwelling, sea-
sonally phased precipitation, and runoff bring about 
changes in the ecosystem. The reproduction, growth, 
and death processes of the plants and animals ap-
pear to be responding primarily to marked seasonal-
ity and interannual and longer-period shifts in the 
intensity and location of the winter Aleutian Low. 
Increased upwelling in the offshore Alaska Gyre 
may promote higher rates of nutrient renewal in the 
oceanic surface waters with attendant increases in 
primary and secondary productivity. Elevated wind-

forcing probably also accelerates the transport of 
upper-layer oceanic zooplankton shoreward to the 
shelf edge and beyond. The frequency and degree 
to which this ocean-derived biomass “feeds” the 
food webs of the continental shelf and coastal areas 
will depend, in part, on biological interactions with 
a large array of physical processes and other phe-
nomena. Processes active in regions of horizontal 
and vertical currents associated with oceanographic 
fronts, eddies, coastal jets, shelf-break flows, and 
turbulence are expected to have a strong influence 
on the movement of ocean biomass onto the shelf 
and coastal areas. The actual effect of such processes 
and phenomena on distribution of oceanic biomass 
also depends on responses of plankton production 
to changes in levels of freshwater runoff in these 
regions, and on the seasonal and longer cycles in 
temperature and salinity. Specific mechanisms by 
which surface zone nutrient levels are cycled and 
maintained in the variety of different habitats that 
make up the open shelf and rugged coastal margins 
must be understood in much greater detail to be 
useful.

It seems likely that a sophisticated understanding 
of climate influences on the coupled nutrient and 
plankton production regimes that support selected 
consumer stocks may have to come from studies that 
abandon the practice of lumping taxa within broad 
ecologically functional units, and instead focus on 
“key species.” Fortunately, the subarctic pelagic 
ecosystem (oceanic, shelf, and coastal) is dominated 
by a relatively small number of plankton species 
that serve as major conduits for matter and energy 
exchange to higher-level consumers each year. In 
the case of the zooplankton, fewer than fifty species 
within a handful of major taxa make up 95 percent 
or more of the abundance and biomass throughout 
the year. Because of this pattern of dominance, and 
further because of the different life history strate-
gies employed by these species, a more compre-
hensive understanding of their ecological roles is 
both necessary and feasible. A decision to conduct 
dominant species ecology must be understood at all 
levels of the study so that, for instance, technicians 
conducting future stomach analyses of fishes, birds, 
or mammals will report not just “large copepods and 
amphipods,” but rather Neocalanus cristatus and 
Parathemisto libellula. This nuance holds particular 
importance for future modelers working on numeri-
cal formulations that include “plankton.” Without 
this degree of specificity, it is unlikely that further 
studies will forge the critical understanding of lower 
trophic level function sought in the northern GOA 
as necessary to inform more comprehensive studies 
of long-term change. 
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Nearshore Benthic Communities
Charles Peterson

CHAPTER6

6.1 INTRODUCTION
Because the Gulf of Alaska (GOA) covers a vast 
and diverse area, its benthic communities exhibit 
tremendous variation (Feder and Jewett 1986). As 
in any marine benthic system, however, the composi-
tion, functioning, and dynamics of the GOA benthic 
communities change predictably with certain uni-
versally important variables. The most important 
two environmental variables are water depth and 
substratum type (Rafaelli and Hawkins 1996). The 
following depth zones are typically distinguished:

• The intertidal zone;

• The shallow subtidal zone (bounded by depth of 
light penetration sufficient for photosynthesis of 
benthic algae); 

• The continental shelf (to about 200 m); and 

• The continental slope (from 200 to 4,000 m). 

The most fundamental substratum distinctions are 
hard bottom (rocks, boulders, cobbles) and soft bot-
tom (mobile sedimentary habitats like sands and 
muds). Within these two types, geomorphology var-
ies substantially, with biological implications that 
often induce further habitat partitioning (Page et 
al. 1995, Sundberg et al. 1996).

Understanding of community composition and sea-
sonal dynamics of GOA benthos has grown dramati-
cally over the past thirty years, with two distinct 
pulses of research. First, in contemplation of explo-
ration and development of the oil and gas resources 
of the region, the Minerals Management Service, 
National Oceanic and Atmospheric Administration 
NMFS, and Alyeska Consortium funded geographi-
cally focused benthic survey and monitoring work 
in the 1970s. This work provided the first windows 
into the quantitative benthic ecology of the region. 
Focus was most intense on lower Cook Inlet, the 
Aleutian Islands, the Alaska Peninsula, Kodiak Is-
land, and northeast GOA, including the Valdez Arm 
in Prince William Sound (PWS) (Rosenberg 1972, 
Hood and Zimmerman 1986). The second phase 

of growth in knowledge of the benthos of the GOA 
region was triggered by the Exxon Valdez oil spill 
(EVOS) in 1989. This work had broad geographic 
coverage of the rocky intertidal zone. The area re-
ceiving the most intense study was Prince William 
Sound (PWS), where the spill originated. Geographic 
coverage also included two other regions, the Kenai 
Peninsula–lower Cook Inlet and the Kodiak archi-
pelago–Alaska Peninsula (Highsmith et al. 1994b; 
Page et al. 1995; Gilfillan et al. 1995a,b; Highsmith 
et al. 1996; Houghton et al. 1996a,b; Sundberg et al. 
1996). Some of this benthic study following the oil 
spill was conducted in other habitats (soft substrata 
[Driskell et al. 1996]) and at other depths (shallow 
and deep subtidal habitats ([Houghton et al. 1993; 
Armstrong et al. 1995; Dean et al. 1996a,b; Dean et 
al. 1998, 2000; Feder and Blanchard 1998; Jewett 
et al. 1999]). Herring Bay on Knight Island in PWS 
was a site of especially intense monitoring and ex-
perimentation on rocky intertidal communities fol-
lowing the oil spill (van Tamelen et al. 1997). 

6.2 INTERTIDAL COMMUNITIES
The intertidal habitat is the portion of the shoreline 
in between the high and low (0.0 m datum) tide 
marks. This intertidal zone occupies the unique 
triple interface among the land, sea, and air. The 
land provides substrate for occupation by intertidal 
organisms, the seawater the vehicle to supply neces-
sary nutrients, and the air a medium for passage of 
solar energy, yet a source of physical stresses (Con-
nell 1972, Underwood and Denley 1984, Peterson 
1991). Interfaces between separate systems are 
locations of typically high biological activity. As a 
triple interface, the intertidal zone is exceptionally 
rich and biologically productive (Ricketts and Calvin 
1968, Leigh et al. 1987). Wind and tidal energy com-
bine to subsidize the intertidal zone with planktonic 
foods produced in the photic (sunlit) zone of the 
coastal ocean. Runoff from the adjacent land mass 
injects new supplies of inorganic nutrients to help 
fuel coastal production of benthic algae, although 
such runoff in Alaska is typically nutrient-poor and 
can be very turbid (Hood and Zimmerman 1986). 
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The consequent abundance and diversity of life and 
life forms in the intertidal zone serves many impor-
tant consumers, coming from land, sea, and air, and 
including humans. The aesthetic, economic, cultural, 
and recreational values of the intertidal zone and its 
resources augment its significance, especially in the 
GOA region (Peterson 2001). 

The biota of intertidal habitats varies with changes 
in physical substrate type, wave energy regime, and 
atmospheric climate (Lubchenco and Gaines 1981). 
Substrata in the GOA intertidal zone differ as a 
function of size, ranging from immobile rock walls 
and platforms, to boulders and cobbles, to gravel, to 
sands, and finally to muds at the finest end of this 
particle-size spectrum. Rock surfaces in the inter-
tidal zone are populated by epibiota, which are most 
commonly attached macro- and microalgae; sessile 
or immobile suspension-feeding invertebrates; and 
mobile grazing invertebrates including predatory 
sea stars and gastropods (Connell 1972, Rafaelli and 
Hawkins 1996). Unconsolidated (soft) substrata—
the sands and muds—are occupied by large plants 
in low-energy environments, such as marshes, and 
microalgae and infaunal (buried) invertebrates in all 
energy regimes (Peterson 1991). Mobile scavenging 
and predatory invertebrates occur on both types of 
substratum. Intertidal communities vary with wave 
energy because of biomechanical constraints (espe-
cially on potentially significant predators), chang-
ing levels of food subsidy, and interdependencies 
between wave energy and substratum type (Leigh 
et al. 1987, Denny 1988). Intertidal communities 
tend to be most luxurious in temperate climates; ice 
scour and turbid freshwater limit intertidal biota at 
high latitudes such as those in the eastern GOA. 
The rocky intertidal communities of the Pacific 
Northwest, including the rocky shores of islands in 
the GOA region, are highly diverse, although less so 
than those in Washington. These communities are 
also productive, although limited by disturbance of 
winter storms and reduced solar insulation (Bakus 
1978).

The rocky intertidal ecosystem may represent the 
best understood natural community of plants and 
animals on earth. Ecologists realized more than 
forty years ago that this system was uniquely well 
suited to experimentation because the habitat was 
accessible and basically two-dimensional and the 
organisms were manipulable and observable. Con-
sequently, ecological science has used sophisticated 
experimental manipulations to produce a detailed 
understanding of the complex processes involved in 
determining patterns of distribution and abundance 

of rocky intertidal organisms (Paine et al. 1996, 
Dayton 1971, Connell 1972, Underwood and Denley 
1984). Plants and animals of temperate rocky shores 
exhibit strong patterns of vertical zonation in the 
intertidal zone. Physical stresses tend to limit the 
upper distributions of species populations and tend 
to be more important higher onshore; competition 
for space and predation tend to limit distributions 
lower on the shore. Surface space for attachment is 
potentially limiting to both plants and animals in 
the rocky intertidal zone. In the absence of distur-
bance, space becomes limiting, and competition for 
that limited space results in competitive exclusion 
of inferior competitors and monopolization of space 
by a competitive dominant. Physical disturbance, 
biological disturbance, and recruitment limitation 
are all processes that can serve to maintain densi-
ties below the level at which competitive exclusion 
occurs (Menge and Sutherland 1987). Because of the 
importance of such strong biological interactions in 
determining the community structure and dynamics 
in this system, changes in abundance of certain key-
stone species can produce intense direct and indirect 
effects on other species that cascade through the 
ecosystem (Menge et al. 1994, Wootton 1994, Menge 
1995, Paine et al. 1996). 

Intertidal communities occupying unconsolidated 
sediments (sands and muds) are quite different 
from those found on rocky shores (Peterson 1991). 
These soft-bottom communities are composed of 
infaunal (buried) invertebrates, mobile microalgae, 
and abundant transient consumers, such as shore-
birds, fishes, and crustaceans (Rafaelli and Hawkins 
1996). Macroalgae are sparse, and are found at-
tached to large shell fragments or other stable hard 
substrata. In very low energy environments, large 
plants, such as salt marsh grasses and forbs high on 
shore and seagrasses low on shore, occur in intertid-
al soft sediments (Peterson 1991). The large stretch 
of intertidal soft-sediment shore in between those 
vegetated zones has an empty appearance, which 
is misleading. The plants are microscopic and pro-
ductive; the invertebrate animals are buried out of 
sight. The soft-bottom intertidal habitat represents 
a critically important feeding ground, especially 
for shorebirds, because the flat topography allows 
easier access than is provided by steep rocky coasts 
and because invertebrates without heavy protective 
calcium carbonate shells are common, particularly 
polychaetes and amphipods (Peterson 1991). 

The intertidal shorelines of the GOA exhibit a wide 
range of habitat types. True soft-sediment shores 
are not common, except in Cook Inlet. Marshes, 
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fine-grained and coarse-grained sand beaches, and 
exposed and sheltered tidal flats represent a small 
fraction of the coastline in the GOA. Sheltered and 
exposed rocky shores, wave-cut platforms, and 
beaches with varying mixtures of sand, gravel, 
cobble, and boulders are the dominant habitats in 
this region (Page et al. 1995, Sundberg et al. 1996). 
Abundance, biomass, productivity, and diversity of 
intertidal communities on the shores of the eastern 
GOA with nearby glaciers are depressed by proximity 
to sources of runoff from glacier ice melt. The islands 
in PWS and the Aleutian Islands, for example, have 
richer intertidal communities than the mainland of 
the northeast GOA, and the intertidal communities 
of Kodiak and Afognak tend to be richer than those 
of the Shelikof Strait mainland on the Alaska Pen-
insula (Bakus 1978, Highsmith et al. 1994b). Glacier 
ice melt depresses intertidal biotic communities by 
introducing turbidity and freshwater stresses. 

Winter ice scour seasonally denudes epibiota along 
the Cook Inlet shores (Bakus 1978). Intense wave 
exposure can cause substratum instability on in-
tertidal cobble and boulder shores, thereby remov-
ing intertidal epibiota directly through abrasion 
(Sousa 1979). Shores with well-rounded cobbles 
and boulders have accordingly poorer intertidal 
biotas than those with reduced levels of physical 
disturbance. Bashing from logs also represents an 
agent of disturbance to those rocky shores exposed 
to intense wave action in this region (Dayton 1971). 
Consequently, exposed rocky coastlines may experi-
ence more seasonal fluctuations in epibiotic coverage 
than communities on similar substrata in protected 
fjords and embayments (Bakus 1978).

The rocky intertidal shores of the spill area exhibit 
a typical pattern of vertical zonation, although the 
particular species that dominate vary in importance 
as a function of changing habitat conditions (High-
smith et al. 1996; Houghton et al. 1996a,b). Vertical 
zonation on intertidal rocky shores is a universal 
feature, caused by a combination of direct and indi-
rect effects of height-specific duration of exposure to 
air (Paine 1966, Connell 1972). 

The uppermost intertidal zone on rocky shores of 
the GOA is characterized by a dark band of the 
alga Verruccaria. The rockweed (Fucus gardneri) 
dominates the upper intertidal zone, which also 
includes two common barnacles (Balanus glandula 
and Chthamalus dalli), two abundant limpets (Tec-
tura persona and Lottia pelta), and the periwinkle 
(Littorina sitkana) (SAI 1980, Hood and Zimmerman 
1986, Highsmith et al. 1994b). 

The middle intertidal zone commonly has even 
higher cover of Fucus, along with beds of blue mus-
sels (Mytilus trossulus), the periwinkle (Littorina 
scutulata), barnacles, and the predatory drilling 
snail (Nucella lamellosa and N. lima) (Carroll and 
Highsmith 1996). In the low intertidal zone, the red 
alga Rhodymenia palmata often is dominant, al-
though mussel beds often occupy large areas and the 
grazing chitons (Katharina tunicata, Mopalia mu-
cosa, and Tonicella lineata) and predatory sea stars 
(Leptasterias hexactis and others) occur here (SAI 
1980, Highsmith et al. 1994b). The blue mussel is a 
very significant member of this community because 
it is a potential competitive dominant (VanBlaricom 
1987) and because its byssus and between-shell 
interstices provide a protected habitat for a diverse 
suite of smaller mobile invertebrates, including iso-
pods, amphipods, polychaetes, gastropods, and crabs 
(Suchanek 1985).

Abundances of rocky intertidal plants and animals 
in the GOA are controlled by the same suite of fac-
tors that affect rocky shore abundances and dynam-
ics elsewhere, especially in the Pacific Northwest. 
Physical factors, such as wave action from winter 
storms, exposure to air high on shore, ice scour, and 
low salinity and turbidity from glacial and land run-
off, have important effects on wave-exposed areas 
(Dayton 1971, 1975; Bakus 1978). 

Biological controls also exert significant influences. 
Probably the most significant of these likely control-
ling factors for intertidal biota are predation and 
recruitment limitation. Predation by sea stars is an 
important control of invertebrate prey population 
abundances and, therefore, of community compo-
sition low on intertidal rocky shores (Paine 1966, 
Dethier and Duggins 1988). Because blue mussels 
are typically the preferred prey and represent the 
dominant competitor for potentially limited attach-
ment space, this predation by sea stars has impor-
tant cascading effects of enhancing abundances of 
poorer competitors on the rock surfaces (Paine 1966). 
Predation by gastropods occasionally helps control 
mussel abundances (Carroll and Highsmith 1996) 
and barnacle populations higher on shore in the 
GOA (Ebert and Lees 1996). Shorebird predation, 
especially by black oystercatchers, is also known 
to limit abundances of limpets on horizontal rock 
surfaces of the Pacific Northwest intertidal zones, 
and this process can be readily disrupted by human 
interference with the shy shorebirds (Lindberg et 
al. 1998). The presence of numerous strong biotic 
interactions in this rocky intertidal community of 
the GOA led to many indirect effects of the EVOS in 
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this system (Peterson 2001). Because of the influ-
ence of current flows and mortality factors such as 
predation in the water column, larval recruitment 
can also limit population abundances of marine in-
vertebrates on intertidal rocky coasts (Gaines and 
Roughgarden 1987, Menge and Sutherland 1987). 
With a short warm season of high production in the 
GOA, the potential for such recruitment limitation 
seems high, but process studies to characterize and 
quantify this factor have not been conducted in the 
GOA. Changes in primary production, water tem-
perature (and thus breeding season), and physical 
transport dynamics associated with regional climate 
shifts could reasonably be expected to regulate the 
intensity of recruitment limitation on some rocky 
shores in the GOA.

The consequences of change caused by various natu-
ral and human-driven factors on the structure and 
dynamics of the rocky intertidal communities are 
not well developed in the scientific literature. For 
example, human harvest by fisheries or subsistence 
users of important apex predators that exert top-
down control on intertidal communities could cause 
substantial cascading effects through the system. 
But the sea stars and gastropods that are the strong 
predatory interactors in this community in the GOA 
region are not targets for harvest. The mussels that 
are taken in subsistence harvest provide important 
ecosystem services as structural habitat for small 
invertebrates (Suchanek 1985), as a dominant space 
competitor (Paine 1966), and as a widely used prey 
resource (Peterson 2001), but mussels do not appear 
limited in abundance in the GOA region. 

Oceanographic processes related to climate change, 
either natural or human-driven through global 
warming, have the potential to either enhance or 
reduce recruitment of component invertebrate spe-
cies of the rocky intertidal communities, but studies 
of the connections between coastal physical dynam-
ics and shoreline communities are in their infancy 
(Caley et al. 1996). Perhaps the best documented 
driver of change in composition and dynamics of 
rocky intertidal communities is the impact of oil 
spills. The cleanup treatments after the spill, either 
dispersants (Southward and Southward 1978) or 
pressurized washes (Mearns 1996), have far more 
serious impacts than the oil itself. Because of the im-
portant strong interactions among species in rocky 
shore communities, the multiple indirect effects of 
oil spills on this system take about a decade to work 
their way out of the system (Southward and South-
ward 1978, Peterson 2001). Intensive sampling and 
experimental work on rocky intertidal communities 
on sheltered shores in PWS following the EVOS 

make this region data-rich relative to most other 
Alaskan shores.

Intertidal soft sediments in the spill region of the 
GOA typically possess lower biomass of macroalgae 
and invertebrates than corresponding rocky shores 
at the same elevations (SAI 1980, Highsmith et al. 
1994b). The taxonomic groups that dominate inter-
tidal soft bottoms are polychaete worms, mollusks 
(especially bivalves), and amphipods (Driskell et al. 
1996). Sandy sediments have higher representation 
by suspension-feeding invertebrates, whereas finer, 
muddy sediments are dominated by deposit-feeding 
species (Bakus 1978, Feder and Jewett 1986). In-
tertidal sandy beaches are habitat for several large 
suspension-feeding clams in the GOA that represent 
important prey resources for many valued consum-
ers and that support commercial, recreational, 
and subsistence harvest (Feder and Kaiser 1980). 
Most important are the littleneck clam (Protothaca 
staminea), the butter clam (Saxidomus giganteus), 
the razor clam (Siliqua patula), the cockle (Clino-
cardium nuttallii), the pink-neck clam (Spisula  
polynyma), the gapers (Tresus nuttallii and T. ca-
pax), and others (Feder and Paul 1974). In mudflats, 
such as those along the shores of Cook Inlet, dense 
beds of a deposit-feeding clam, Macoma balthica, 
and the soft-shell clam (Mya arenaria) frequently 
occur (Feder et al. 1990). These two relatively soft-
shelled clams are significant food resources for 
many sea ducks, and the hard-shelled clams are 
important prey for sea otters (Kvitek and Oliver 
1992, Kvitek et al. 1992), black and brown bears 
(Bakus 1978), and several invertebrate consumers. 
Intertidal soft-bottom habitats are also important 
feeding grounds for shorebirds and for demersal 
(deep-water) fishes and crustaceans (Peterson 2001). 
In addition to macrofaunal invertebrates, smaller 
meiofaunal invertebrates are abundant on intertidal 
sedimentary shores. Macrofauna describes animals 
that are retained on a 0.5 mm mesh; meiofauna 
refers to animals passing through a 0.5 mm mesh 
but retained on 0.06 mm mesh; and microfauna are 
animals smaller than 0.06 mm. Nematode worms 
and harpacticoid copepods are the most common 
meiofaunal taxa in the GOA region (Feder and Paul 
1980b). Harpacticoids serve an important role in the 
coastal food chain as prey for juvenile fishes, includ-
ing salmonids (Sturdevant et al. 1996). 

Little information exists on the dynamics of long-
term change in structure and composition of inter-
tidal communities in soft sediments anywhere. Some 
of the best understanding of important processes 
actually comes from the northern GOA region. The 
Alaska earthquake of 1964 had a tremendous  
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influence on soft-sediment intertidal communities 
because of the geomorphological modifications of 
habitat (NRC 1971). Uplift of the shoreline around 
Cordova, for example, was great enough to elevate 
the sedimentary shelf habitat out of the depth range 
that could be occupied by many species of clams. 
Clam populations in Cordova, a town once called 
the clam capital of the world, have never recovered 
from the earthquake. The re-invasion of sea otters 
has similarly caused tremendous changes in clam 
populations in shallow soft-sediment communities 
of the northern GOA, mostly in subtidal areas, but 
also in intertidal sedimentary environments (Kvitek 
et al. 1992). 

Human impacts can cause change in soft-sediment 
intertidal communities as well. Probably the most 
common means by which human activities modify 
soft-sediment communities in intertidal habitats 
is through alteration of sediments themselves. The 
application of pressurized wash after the EVOS, 
for example, eroded fine sediments from intertidal 
areas (Driskell et al. 1996) and may be responsible 
for long delay in recovery of clams and other in-
vertebrates because of a slow return of sediments 
(Coats et al. 1999, Shigenaka et al. 1999). Addition 
of organic enrichment can stimulate growth, abun-
dance, and production of opportunistic infaunal 
invertebrates such as several polychaetes and oli-
gochaetes in intertidal sediments. Such responses 
were documented following the EVOS (Gilfillan et 
al. 1995a, Jewett et al. 1999), presumably because 
the oil itself represented organic enrichment that 
entered the food chain through enhanced bacterial 
production (Peterson 2001). Other types of organic 
enrichment, such as biochemical oxygen demand 
in treated wastewater from municipal treatment 
facilities or industrial discharges, can create these 
same responses. Deposits of toxic heavy metals from 
mining or other industrial activities and of toxic syn-
thetic organic or natural organic contaminants, like 
polycyclic aromatic hydrocarbons in oil, can cause 
change in intertidal benthic communities by selec-
tively removing sensitive taxa such as echinoderms 
and some crustaceans (Jewett et al. 1999). 

Intertidal communities are open to use by consum-
ers from other systems. The great extent and impor-
tance of this habitat as a feeding grounds for major 
marine, terrestrial, and aerial predators render the 
intertidal system a key to integrating understand-
ing of the function in the entire coastal ecosystem 
(Peterson 2001). The intertidal habitats of the GOA 
are critically important feeding grounds for many 
important consumers: 

• Marine—sea otters, juvenile Dungeness and 
other crabs, juvenile shrimps, rockfishes, cod, 
cutthroat trout, and Dolly Varden char in 
summer, and juvenile fishes of other stocks 
exploited commercially, recreationally, and for 
subsistence, including pink and chum salmon;

• Terrestrial—brown bears, black bears, river ot-
ters, Sitka black-tailed deer, and humans; and 

• Avian—black oystercatchers and other shore-
birds, harlequin ducks, surf scoters, goldeneyes, 
and other sea ducks, and bald eagles. 

Intertidal gravels in anadromous streams are impor-
tant spawning grounds for pink salmon, especially in 
PWS. Therefore, the intertidal habitat provides vital 
ecosystem services in the form of prey resources, 
spawning habitat, and nursery, as well as human 
services in the form of commercial, recreational, 
and subsistence harvest of shellfishes and aesthetic, 
cultural, and recreational opportunities. In short, a 
habitat that represents only a small fraction of the 
total area of the seafloor may be the most valuable 
for the services it provides to the coastal ecosystem 
and to humans.

6.3 SUBTIDAL COMMUNITIES
The subtidal habitat is the portion of the seafloor 
found at depths below the low tide (0.0 m datum) 
mark on shore. This habitat includes a relatively 
narrow band of shallow subtidal bottom at depths in 
the photic zone (the zone penetrated by light), where 
plants can live, and a large area of unlit seafloor, 
the deep subtidal bottom extending across the con-
tinental shelf and slope to depths of 4,000 m in the 
GOA (Feder and Jewett 1986). The depth to which 
sufficient light penetrates to support photosynthesis 
and the slope of the subtidal seafloor determine the 
width of the shallow subtidal zone. Along a tectonic 
coastline like the GOA, depth gradients are typically 
steep. In addition, injection of turbidity from glacier 
ice melt along the coast reduces light penetration 
through the seawater. These factors combine to 
produce a shallow subtidal zone supporting benthic 
plant production in the region of the spill that is 
very narrow. Consequently, the vast majority of the 
subtidal ecosystem, the deep subtidal area on the 
continental shelf and slope, depends on an energy 
subsidy in the form of inputs of organic matter from 
other marine and, to some small extent, even ter-
restrial habitats. These organic inputs include, most 
importantly, detritus from production of intertidal 
seaweeds and from shallow subtidal seagrasses, 
seaweeds, and kelps, as well as particulate inputs 
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from phytoplankton, zooplankton, and zooplankton 
fecal pellets sinking down from the photic zone to 
settle on the seafloor. In addition, the carcasses of 
large animals such as whales, other marine mam-
mals, and fishes occasionally sink to the bottom and 
provide large discrete packages of detritus to fuel 
subsequent microbial and animal production in the 
deep subtidal ecosystem.

Although narrow, the shallow subtidal zone in which 
primary production does occur is of substantial 
ecological significance. Many of these vegetated 
habitats, especially seagrass beds, macrophyte beds, 
and kelps, provide the following (Schiel and Foster 
1986, Duggins et al. 1989):

• Nursery grounds for marine animals from other 
habitats;

• Unique habitat for a resident community of 
plant-associated animals;

• Feeding grounds for important consumers, in-
cluding marine mammals, sea ducks, and many 
fishes and shellfishes; and 

• A source of primary production for export as de-
tritus to the deeper unlit seafloor ecosystem. 

In the spill area, eelgrass (Zostera marina) beds 
are common in shallow sedimentary bottoms at the 
margins of protected embayments (McRoy 1970), 
whereas on shallow rocky subtidal habitats the 
kelps Agarum, Laminaria, and Nereocystis form 
dense beds along a large fraction of the coast (Calvin 
and Ellis 1978, SAI 1980, Dean et al. 1996a). Pro-
ductivity estimates in wet weight for larger kelps 
Nereocystis and Laminaria in the northeastern 
GOA range up to 37 to 72 kg m–2yr–1 (O’Clair and 
Zimmerman 1986). In this shallow subtidal zone, 
primary production also occurs in the form of single-
celled algae. These microbial plants include both 
the phytoplankton in the water column and benthic 
microalgae on and in the sediments and rocks of 
the shallow seafloor. Both the planktonic and the 
benthic microalgae represent ecologically important 
food sources for herbivorous marine consumers. The 
typically high turnover rates and high food value of 
these microalgal foods in the shallow subtidal zone 
helps explain the high production of invertebrate 
and vertebrate consumers in this environment.

The sessile or slow-moving benthic invertebrates 
on the seafloor represent the bulk of the herbivore 
trophic level in the subtidal ecosystem. This benthic 
invertebrate fauna in the shallow subtidal zone dif-
fers markedly as a function of bottom type (Peterson 

1991). Rocky bottoms are inhabited by epifaunal 
benthic invertebrates, such as sponges, bryozoans, 
barnacles, anthozoans, tunicates, and mussels. Sand 
and mud bottoms are occupied largely by infaunal 
(buried) invertebrates, such as polychaete worms, 
clams, nematodes, and amphipods. The feeding 
or trophic types of benthic invertebrates vary with 
environment, especially with current flow regime 
(Rhoads and Young 1970). Under more rapid flows, 
the benthos is dominated by suspension feeders, ani-
mals extracting particulate foods out of suspension in 
the water column. Under slower flows, deposit feeders 
dominate the benthos, feeding on organic materials 
deposited on or in the seafloor. The benthos also 
includes some predatory invertebrates, such as sea 
stars (e.g., leather star [Dermasterias imbricata] and 
sunflower star [Pycnopodia helianthoides]), crabs 
(e.g., helmet crab [Telmessus cheiragonus]) some 
gastropods, and some scavenging invertebrates 
(Dean et al. 1996b). Benthic invertebrates of soft 
sediments are distinguished by size, with entirely dif-
ferent taxa and even phyla occurring in the separate 
size classes. Macrofauna include the most widely 
recognized groups such as polychaete worms, clams, 
gastropods, amphipods, holothurians, and sea stars 
(Driskell et al. 1996; S.A. Hatch, U.S.G.S. Anchor-
age, pers. comm., 2001). Meiofauna include most 
prominently in the GOA nematodes, harpacticoid 
copepods, and turbellarians (Feder and Paul 1980b). 
Finally, microfauna include most prominently fora-
minifera, ciliates, and other protozoans. Because the 
actual species composition of the benthos changes 
with water depth, the shallow and deep subtidal 
benthic faunas in the spill zone hold few species in 
common. Soft-sediment communities of Alaska are 
best described and understood in various locations 
within PWS, as a result of the intense study after 
the oil spill. 

The shallow subtidal rocky shores that are vegetated 
also include suites of benthic invertebrates unique 
to those systems. These benthic invertebrates ei-
ther directly consume the large plants, such as sea 
urchins, or else are associated with the plant as 
habitat. Those species that depend upon the plant as 
habitat, such as several species of amphipods, crabs 
and other crustaceans, gastropods, and polychaetes, 
often are grazers as well, taking some mixture of 
macrophytic and epiphytic algae in their diets. Graz-
ing by sea urchins on kelps is sufficiently intense in 
the absence of predation on the urchins, especially 
by sea otters in the spill area, to create what are 
known as “urchin barrens” in which the macrophytic 
vegetation is virtually removed from the seafloor 
(Estes and Palmisano 1974, Simenstad et al. 1978). 
In fact, this shallow subtidal community on rocky 
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shores of the GOA represents the best example in all 
of marine ecology of a system controlled by top-down 
predation. Sea otters control abundance of the green 
sea urchin (Strongylocentrotus droebachiensis). 
When released from that otter predation, sea urchin 
abundance increases to create fronts of urchins that 
overgraze and denude the kelps and other macroal-
gae, leaving only crustose forms behind (Simenstad 
et al. 1978). This loss of macroalgal habitat then 
reduces the algal associated invertebrate popula-
tions and the fishes that use the vegetated habitat 
as nursery. These reductions in turn can influence 
productivity and abundance of piscivorous seabirds 
(Estes and Palmisano 1974). Recently, reduction of 
traditional marine mammal prey of killer whales 
has induced those apex consumers to switch to eat-
ing sea otters in the Aleutians, thereby extending 
this trophic cascade of strong interactions to yet 
another level (Estes et al. 1998, Estes 1999). 

Consequently, the shallow subtidal community on 
rocky shores of the GOA is strongly influenced by 
predation and provision of biogenic habitat (Estes 
and Duggins 1995). Human disruption of the apex 
predators by hunting them (as historically occurred 
on sea otters [Simenstad et al. 1978]) or by reduc-
ing their prey (as may conceivably be occurring in 
the case of the Steller sea lions and harbor seals 
through overfishing their own prey fishes [NRC 
1996]) has great potential to create tremendous 
cascading effects through the shallow subtidal ben-
thic ecosystem. Furthermore, if concentration and 
biomagnification of organic contaminants such as 
PCBs, DDT, DDE, and dioxins in the tissues of apex 
predators, in particular in transient killer whales  
(C. Matkin, North Gulf Oceanic Society, Homer, 
Alaska, unpubl. data), causes impaired reproductive 
success, then human industrial pollution has great 
potential to modify these coastal subtidal communi-
ties on rocky shores.

The shallow subtidal community on rocky shores of 
the GOA is also strongly influenced by larval dis-
tribution and recruitment. Recent studies by Part-
nership for the Interdisciplinary Study of Coastal 
Oceans (PISCO) have shown that not only are the 
effects of competition and predation important in 
structuring benthic communities, but the sources 
and sinks of larvae are equally important. Larval 
abundance and behavior, where they come from, how 
they respond to ocean conditions, where they are 
retained, where they are reflected, and the dynam-
ics regulating their recruitment are all important 
processes that ultimately control what lives where. 
Furthermore, knowledge about life histories is  

insufficient to make broad generalizations about the 
successes and failures of recruitment events.

The shallow subtidal benthic communities in soft 
sediments of the GOA region function somewhat 
differently from their counterparts on rocky sub-
strata. These communities are important for nutri-
ent regeneration by microbial decomposition and 
for production of benthic invertebrates that serve 
as prey for demersal shrimps, crabs, and fishes. 
In some protected areas within bays, however, the 
shallow subtidal benthos is structured by emergent 
plants, specifically eelgrass in the GOA. These 
eelgrass beds perform ecological functions similar 
to those of macrophyte-dominated rocky shores, 
namely nursery functions, phytal habitat roles, 
feeding grounds, and sources of primary production 
(Jewett et al. 1999). In the vegetated habitats of the 
shallow subtidal zone, the demersal fish assemblage 
is typically more diverse than and quite different 
from the demersal fishes of the deeper subtidal zone 
(Hood and Zimmerman 1986). In eelgrass (Zostera) 
beds as well as in the beds of small kelps and other 
macrophytes (Agarum, Nereocystis, and Laminaria) 
in the GOA, juveniles of many species that live in 
deeper waters as adults use this environment as a 
nursery for their young because of high production 
of food materials and protection from predators af-
forded by the shielding vegetation (Dean et al. 2000). 
Furthermore, several fishes are associated with the 
plant habitat itself, including especially pickers that 
consume crustaceans and other invertebrates from 
plant surfaces, a niche that is unavailable in the 
absence of the vegetation. Both types of vegetated 
habitats in the shallow subtidal zone of the GOA 
contain larger predatory invertebrates, specifically 
sea stars and crabs. In some cases, the same species 
occupy both eelgrass and kelp habitats (Dean et al. 
1996b).

Microbial decomposers play an extremely significant 
role in both shallow and deep subtidal sedimentary 
habitats of the sea (Braddock et al. 1996). Fungi 
and especially bacteria become associated with 
particulate organic matter and degrade the organic 
compounds. This decomposition process releases the 
nutrients such as phosphorus and nitrogen in a form 
that can be reused by plants when the water mass 
is ultimately recycled into the photic zone. In short, 
benthic decomposers of the subtidal seafloor play a 
necessary role in the nutrient cycling upon which 
sustained production of the sea depends. In addition, 
these decomposers themselves represent the foods 
for many deposit-feeding invertebrates of the sub-
tidal seafloor. Much of the detritus that reaches the 
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seafloor is composed of relatively refractive organic 
compounds that are not readily assimilated in the 
guts of animal consumers. The growth of microbial 
decomposers on this detritus acts to convert these 
materials into more utilizable nitrogen-rich biomass, 
namely fungi and especially bacteria. Bacteria also 
scavenge dissolved organic materials and repackage 
them into particulate bacterial biomass, which is 
then available for use in consumer food chains.

In the subtidal habitats, the benthic invertebrates 
serve as the prey for mobile epibenthic invertebrates 
and for demersal fishes (Jewett and Feder 1982, 
Hood and Zimmerman 1986). Mobile epibenthic 
invertebrates are distinguished from the benthos 
itself by their greater mobility and their only par-
tial association with the seafloor. The vast majority 
of this group is composed of crustaceans, namely 
crabs, shrimps, tanaids, and some larger amphi-
pods (Armstrong et al. 1995, Orensanz et al. 1998). 
In the GOA, this group includes Dungeness crabs; 
king crabs; snow crabs; Tanner crabs; both Crangon 
and Pandalus shrimps, such as spot shrimp, coon-
striped shrimp, pink shrimp, and gray shrimp; and 
other shellfish resources that had great commer-
cial importance before the climatic phase shift of 
the mid-1970s (Anderson and Piatt 1999; Mueter 
and Norcross 1999, 2000). Climate and physical 
oceanography have the potential to exert important 
influences on recruitment and year-class strength 
of subtidal fishery stocks in the GOA (Zheng and 
Kruse 2000b), but the mechanisms and processes 
are poorly understood. Demersal fishes are those 
fishes closely associated with the seafloor, including 
flounders, halibut, sole, rockfishes, Pacific Ocean 
perch, and gadids like cod and walleye pollock. 
They feed predominantly on the epibenthic inver-
tebrates—the shrimps, crabs, and amphipods—but 
in addition prey directly on some sessile benthic 
invertebrates as well. Juvenile flatfish feed heavily 
by cropping (partial predation) on exposed siphons of 
clams and exposed palps of polychaetes. This role of 
provision of benthic invertebrate prey for demersal 
crustaceans and fishes is an important ecosystem 
service of the shallow subtidal seafloor. 

The shift in the late 1970s from crabs and shrimps 
to dominance by demersal fishes associated with 
the shift in climatic regime implies a strong role for 
environmental forcing of community composition in 
this shallow subtidal system, although mechanisms 
of change dynamics are not understood (NRC 1996). 
Because of the effects of trawling on biogenic habi-
tat, such as sponges and erect bryozoans, in subtidal 
soft sediments and the potential for fisheries exploi-
tation to modify abundances of both targeted stocks 

and species caught as bycatch (Dayton et al. 1995), 
fishery impacts to the soft-bottom benthic com-
munity are a possible driver of community change. 
Because the demersal fishes that are taken by trawl 
and other fisheries represent the prey of threatened 
and endangered marine mammals such as Steller 
sea lions, the possible implications of fishing impacts 
to this community are important (NRC 1996).

The benthic invertebrate community of shallow un-
vegetated subtidal sediments has served worldwide 
as an indicator system for the biological influence 
of marine pollution. The infaunal invertebrates 
that compose this bottom community are sessile or 
slow-moving. They are diverse, composed of many 
phyla and taxa with diverse responses to the suite 
of potential pollutants that deposit upon the sedi-
mentary seafloor. As a result, this system is an ideal 
choice to monitor and test effects of marine pollution 
(Warwick 1993). The subtidal benthic community on 
the sedimentary seafloor is limited by food supply. 
Consequently, community abundance and biomass 
reflect the effects of organic enrichment. This is 
evident from variation in biomass among subtidal 
benthic communities geographically within the 
GOA (Feder and Jewett 1986). Therefore, changes 
in primary productivity in the water column above, 
allocation of that production between zooplanktonic 
herbivores and benthic invertebrates, and physical 
transport regimes combine to cause spatially explicit 
modification of soft-sediment benthic communities 
in unvegetated subtidal sediments that can serve to 
monitor ecosystem status. Furthermore, the taxo-
nomic composition of soft-sediment benthic commu-
nities responds differentially to organic loading and 
toxic pollution (Warwick and Clarke 1993, Peterson 
et al. 1996), thereby rendering this system an excel-
lent choice for monitoring to test among alterna-
tive drivers of ecosystem change. Among common 
invertebrate taxa of subtidal sedimentary habitats, 
the echinoderms and crustaceans (especially amphi-
pods) are highly sensitive to toxic accumulation of 
heavy metals, polycyclic aromatic hydrocarbons, and 
synthetic organic compounds. Other taxa such as 
polychaetes include many opportunistic species that 
bloom with loading with organic pollutants, thereby 
allowing inferences about causation of anthropogenic 
responses (Peterson et al. 1996). This capability of 
subtidal benthic communities in soft sediments may 
prove useful in testing among alternative explana-
tions for ecosystem change in the GOA.

The deeper subtidal habitats on the outer con-
tinental shelf and the continental slope are not 
well studied in the GOA system (Bakus 1978; SAI 
1980a,b). There has been some description of the 
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mobile epibenthic communities and the demersal 
fish communities of these deeper benthic habitats 
(Feder and Jewett 1986). Most sampling of these 
deeper benthic habitats involves trawling and fo-
cuses on the stocks of crabs, shrimps, and demersal 
fishes that are commercially exploited (Rosenberg 
1972, Bakus 1978). The continental shelf as a whole 
(shallow to deep) represents a key fishing ground 

in the GOA and has correspondingly high value to 
humans. Because community structure of benthic 
systems can be modified dramatically by the physi-
cal damage done by trawls to biogenic habitat such 
as sponges and soft corals (Dayton et al. 1995), this 
human activity is the object of concern. The conti-
nental slope, on the other hand, does not experience 
great fishing pressure.





The Gulf of Alaska: Biology and Oceanography 69

CHAPTER7
Seabirds in the Gulf of Alaska
Alan Springer

7.1 OVERVIEW
The Gulf of Alaska (GOA) supports huge numbers 
of resident seabirds: twenty-six species nest around 
the periphery of the GOA, with an estimated total on 
the order of eight million birds (Table 7.1). Note that 
sea ducks are not considered seabirds for the pur-
poses of this discussion. Most species of seabirds are 
colonial and aggregate during summer at about 800 
colonies. A variety of habitats are used for nesting, 
such as cliff faces, boulder and talus fields, crevices, 
and burrows in soft soil. Two species, Kittlitz’s and 
marbled murrelets, are not colonial and nest in very 
atypical habitats. Kittlitz’s murrelets nest on scree 
fields in high alpine regions often many kilometers 
from the coast, and marbled murrelets nest mainly 
in mature trees in old-growth conifer forests, also 
often distant from the coast.

Predation by terrestrial mammals and rapacious 
birds undoubtedly is responsible for the nesting hab-
itats and habits adopted by seabirds. Cliff-nesting 
species are free to nest on mainland sites, because 
mammals cannot reach them and they are large 
enough to defend themselves and their nests against 
most avian predators. Ground-nesting species do not 
have this option and must nest only on islands free 
from predatory mammals. In addition, some ground-
nesting species go to and from colonies only at night, 
apparently to further thwart avian predators.

Foxes, rats, voles, and ground squirrels were vari-
ously introduced to most islands in the Aleutians 
and GOA between the late 1700s and early 1900s 
and severely reduced the abundances of many 
species of ground-nesting seabirds, such as storm-
petrels, auklets, murrelets, and puffins (Bailey and 
Kaiser 1993, Boersma and Groom 1993, Springer 
et al. 1993). Today, even though foxes no longer 
exist on most islands, numbers of these species of 
ground-nesting seabirds still likely reflect the effects 
of introduced mammals. Moreover, predators that 
occur naturally occasionally have large, local effects 
on nesting seabirds in the GOA (Oakley and Kuletz 
1996, Seiser 2000). 

The distribution and abundance of nesting seabirds 
in the GOA is therefore governed primarily by the 
availability of suitable, safe nesting habitats, as well 
as by the availability of prey. For example, cliff-nest-
ing species, such as murres and kittiwakes, require 
cliffs facing the sea. Therefore, regardless of the 
biomass of potential forage species in the eastern 
GOA, there are no murres or kittiwakes in much of 
the region because of the lack of sea cliffs. Where 
suitable nesting habitat does exist, seabirds nearly 
always occupy it, and fluctuations in their productiv-
ity and abundance through time are thought to be 
determined for the most part by fluctuations in prey 
populations.

Species that nest on cliff faces, such as murres and 
kittiwakes, are the most well studied because of 
their visibility. Completing censuses of cliff-nesting 
seabirds is comparatively easy, as is measuring sev-
eral components of their breeding biology, including 
the study of recurring natural phenomena such as 
migration (phenology) and reproductive success. 
Consequently, precise estimates of abundance and 
productivity, and trends in these variables through 
time, are available for murres and kittiwakes at 
many colonies in the GOA. In addition to their 
visibility, murres and kittiwakes are extremely nu-
merous and widely distributed, and more is known 
about them than about any other species.

In contrast, seabirds that nest underground are dif-
ficult to study. A further complication is that some of 
these are nocturnal as well. Despite huge numbers 
and broad distributions of some diurnal species, 
such as puffins, and nocturnal species, such as 
storm-petrels, much less is known about population 
sizes and productivity or trends in these parameters 
through time and space. They do have scientific 
value, however, because other characteristics of their 
biology offer valuable opportunities for obtaining in-
formation on the distribution and dynamics of prey 
populations important to a variety of seabirds and 
marine mammals.

Most seabirds in the GOA are primarily piscivorous 
(fish eating) during the nesting season. The principal 
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exceptions include northern fulmars, storm-petrels, 
and thick-billed murres, which consume large 
amounts of squid; auklets, which specialize on zoo-
plankton; and gulls, terns, and guillemots, which 
consume considerable amounts of crustaceans in 
addition to fish. Many species of fishes are taken, 
although a comparatively small number contribute 
the bulk of the biomass to diets of most seabirds. 
Overall, the three most important species of fishes 
are sand lance, capelin, and pollock. At certain 
colonies, at certain times, in certain years, or any 
combination of these conditions, the myctophids, 
Pacific cod, saffron cod, herring, sablefish, prickle-
backs, prowfish, and salmon are also important to 
some species (Hatch 1984; Baird and Gould 1986; 
DeGange and Sanger 1986, 1987; Hatch and Sanger 

1992; Irons 1992, Piatt and Anderson 1996; Suryan 
et al. 2000; V. Gill and S. Hatch, U.S. Geological 
Survey, Anchorage, Alaska, unpubl. data). 

Resident GOA seabirds can be divided into three 
groups based on their foraging behavior (Table 7.1). 
Surface-feeders, as their name implies, obtain all of 
their food from about the upper 1 m of the water col-
umn and often forage over broad areas. Coastal div-
ers can generally reach bottom and typically forage 
in shallow water near shore. Pelagic mid-water and 
deep divers are capable of exploiting prey at depths 
of up to nearly 200 m and of foraging over large areas 
(Schneider and Hunt 1982, Piatt and Nettleship 
1985). Most individuals of most species forage over 
the continental shelf during summer. This is due 

Table 7.1. Nesting Seabirds in the Gulf of Alaska.

English  Scientific                           Abundance1         Biomass2       Nesting         Foraging 
name name                        (thousands)      (metric tons)     habitat3           mode4

Northern fulmar Fulmarus glacialis 440 268 Cliff SF
Fork-tailed storm-petrel Oceanodroma furcata 640 32 Burrow SF
Leach’s storm-petrel Oceanodroma leucorhoa 1,067 53 Burrow SF
Double-crested cormorant Phalacrocorax auritus 3.3 6 Cliff CD
Brandt’s cormorant Phalacrocorax penicillatus 0.086 0.2 Cliff CD
Pelagic cormorant Phalacrocorax pelagicus 21 40 Cliff CD
Red-faced cormorant Phalacrocorax urile 20 38 Cliff CD
Unidentified cormorant Phalacrocorax spp. 15 29 Cliff CD
Mew gull Larus canus 15 11 Ground SF
Herring gull Larus argentatus 1 1 Ground SF, S
Glaucous-winged gull Larus glaucescens 185 241 Ground SF, S
Black-legged kittiwake Rissa tridactyla 675 270 Cliff SF
Arctic tern Sterna paradisaea 8.9 1.2 Ground SF
Aleutian tern Sterna aleutica 9.4 1.2 Ground SF
Unidentified tern Sterna spp. 1.7 0.22 Ground SF
Common murre Uria aalge 589 589 Cliff DD
Thick-billed murre Uria lomvia 55 55 Cliff DD
Unidentified murre5 Uria spp. 1,197 1,197 Cliff DD
Pigeon guillemot Cepphus columba 24 13 Crevice CD
Marbled murrelet Brachyramphus marmoratus 200 48 Tree CD
Kittlitz’s murrelet Brachyramphus brevirostris + + Scree CD
Ancient murrelet Synthliboramphus antiquum 164 38 Burrow CD
Cassin’s auklet Ptychoramphus aleuticus 355 71 Burrow DD
Parakeet auklet Cerorhinca monocerata 58 17 Crevice DD
Least auklet Aethia pusilla 0.02 0.0018 Talus DD
Crested auklet Aethia cristatella 46 14 Talus DD
Rhinoceros auklet Cyclorrhynchus psittacula 170 90 Burrow DD
Tufted puffin Lunda cirrhata 1,093 874 Burrow DD
Horned puffin Fratercula corniculata 773 425 Crevice DD

Total  7,826 4,423  
1From U.S. Fish and Wildlife Service (USFWS), seabird colony database: marbled murrelet in Gulf of Alaska from Piatt and Ford (1993). 
2Based on weights of seabirds presented by DeGange and Sanger (1986). 
3Principal type.
4SF = surface-feeder; CD = coastal diver; DD = deep diver; S = scavenger. From DeGange and Sanger (1986). 
5Essentially all common murres.
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primarily to the location of nesting areas, which are 
along the mainland coast and on nearshore islands, 
and the distribution of forage species, which in ag-
gregate are more diverse and abundant on the shelf 
than off the shelf. Exceptions to this generalization 
are the fulmars and storm-petrels, which have ana-
tomical, behavioral, and physiological adaptations 
that allow them to forage at great distances from 
their nesting areas, giving them access to resources 
off the shelf (Boersma and Groom 1993, Hatch 
1993); and species such as kittiwakes that typically 
feed over the shelf, but which can efficiently exploit 
prey off the shelf when those prey are within forag-
ing range from their nesting locations (Hunt et al. 
1981; Springer et al. 1996; S. Hatch, U.S. Geological 
Survey, Anchorage, Alaska, unpubl. data). 

Therefore, as a group, seabirds sample forage popu-
lations broadly in three dimensions. These charac-
teristics, plus variations in diet between species and 
the sensitivity of various components of their breed-
ing biology and population abundance to fluctua-
tions in prey availability, make seabirds in the GOA, 
as elsewhere, valuable tools in the study of marine 
ecosystems (Cairns 1987, Aebischer et al. 1990, Fur-
ness and Nettleship 1991, Springer 1991, Hatch and 
Sanger 1992, Montevecchi and Myers 1996, Piatt 
and Anderson 1996, Springer et al. 1996). 

Seabird populations in the North Pacific from Cali-
fornia to arctic Alaska are very dynamic, waxing and 
waning in response to changes in prey abundance, 
predators, entanglement in fishing gear, and oil 
spills (Anderson et al. 1980, Ainley and Broekelheid 
1990, Paine et al. 1990, Murphy et al. 1991, Hatch 
1993, Hatch et al. 1993, Ainley et al. 1994, Byrd et 
al. 1998, Divoky 1998). Oil spilled from the Exxon 
Valdez killed an estimated 250,000 seabirds in the 
GOA, 185,000 of which were murres (Piatt and Ford 
1996). Most murre mortality occurred downstream 
from Prince William Sound (PWS) near the Barren 
Islands and Alaska Peninsula and had an unknown 
effect on the abundance of murres at regional colo-
nies. There is evidence that the immediate mortal-
ity and lingering effects of the spill in PWS have 
depressed the abundance of several other species 
of seabirds there throughout the 1990s (Irons et al. 
2000). 

A strong case also has been made for a broad-scale 
decline in seabird abundance in the GOA during the 
past two to three decades beginning before the Exxon 
Valdez oil spill (EVOS). Marine birds counted at sea 
in summer in PWS apparently declined by some 25 
percent in aggregate between 1972 and the early 
1990s (Kuletz et al. 1997). Many species contributed 

to the decline, including loons, cormorants (95 per-
cent), mergansers, Bonaparte’s gulls, glaucous-
winged gulls (69 percent), black-legged kittiwakes 
(57 percent), arctic terns, pigeon guillemots (75 
percent), marbled and Kittlitz’s murrelets (68 per-
cent), parakeet auklets, tufted puffins, and horned 
puffins (65 percent) (Klosiewski and Laing 1994). 
Other census data further indicated that for the 
marbled murrelet, at-sea winter abundance declined 
by more than 50 percent throughout the GOA during 
this time (Beissinger 1995). Results from studies at 
several murre colonies in the GOA in summer tend 
to support this pattern. Piatt and Anderson (1996) 
reviewed the abundance histories of sixteen colonies 
and concluded that many were in decline before the 
EVOS. Therefore, it proved difficult to estimate the 
effect oil had on murre populations.

It is generally thought that alterations in forage fish 
abundance and community structure brought on by 
environmental change not associated with the oil 
spill, such as climate change, have been primarily 
responsible for falling seabird populations (Oakley 
and Kuletz 1996, Piatt and Anderson 1996, Hayes 
and Kuletz 1997, Kuletz et al. 1997, Anderson and 
Piatt 1999). For example, pigeon guillemot numbers 
in PWS in 1978 to 1980 averaged about 40 percent 
higher than in the early 1990s, and they declined 
further through 1996 (Oakley and Kuletz 1996). 
The decline in abundance was accompanied by a 
decline in the occurrence of sand lance in their di-
ets, and it has been suggested that cause and effect 
relate the two. Because sand lance have a much 
higher fat content than the forage species guillemots 
switched to, such as pollock and blennies, they are 
nutritionally superior (Anthony and Roby 1997, Van 
Pelt et al. 1997). In Kachemak Bay, sand lance was 
particularly abundant in diets of guillemots nest-
ing in high-density colonies in the late 1990s, and 
chicks fed predominantly sand lance grew faster 
than chicks fed lower-quality prey (Prichard 1997). 
Likewise, reductions in energy-dense capelin in the 
GOA and in diets of several species of seabirds in the 
1980s compared to the 1970s also have been linked 
to population declines (Piatt and Anderson 1996, 
Anderson and Piatt 1999). 

Additional evidence of possible climate-mediated 
population decline is the frequency and magnitude 
of large seabird die-offs in the past two decades. 
Some of these involved huge numbers of surface-
feeding species in summer, particularly kittiwakes 
and shearwaters in the GOA and especially the 
Bering Sea, during years of strong El Niño events, 
notably 1983 and 1997 (Nysewander and Trapp 
1984, Mendenhall 1997). Others involved principally 
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murres in the GOA in winter. In 1993, on the order 
of 100,000 common murres starved to death, and in 
1997, at least tens of thousands suffered a similar 
fate (Piatt and Van Pelt 1993; J. Piatt, U.S. Geologi-
cal Survey, Anchorage, Alaska, unpubl. data). Such 
acute mortality, when added to the normal, or per-
haps elevated, attrition suffered by juvenile birds in 
recent years, could have significant repercussions on 
population size. As Piatt and Anderson (1996) note, 
there was only one reported die-off of seabirds in the 
general region before 1983, and that was in the Ber-
ing Sea in 1970 (Bailey and Davenport 1972).

There is no evidence that seabirds in the GOA have 
been directly affected by commercial fisheries. Most 
of the prey of seabirds are not targeted; for example, 
sand lance and capelin. Adults of some prey species 
are fished, such as pollock, Pacific cod, and herring, 
but most seabirds can feed only on the small age-0 
and age-1 fish of these large types and therefore do 
not compete with commercial fisheries for biomass. 
Indirect effects of commercial fishing are possible if 
stock sizes are affected by fishing and if stock size in-
fluences the abundance of young age classes of those 
species or the abundance of other forage species.

7.2 CASE STUDIES
A lot of information has been collected on seabirds in 
the GOA in the past three decades, although much 
of the data obtained in the last ten years has not yet 
been published or even presented. Therefore, the 
integration of all results into a composite picture of 
seabird ecology is not currently possible. Neverthe-
less, good information is available for some aspects 
of the biology of certain species at certain sites, 
and these examples can be used to give a general 
idea of the status of seabirds and their sensitivity 
to change in the environment. Prominent species 
are the black-legged kittiwake and common murre. 
They are among the most abundant and widely 
distributed seabirds, nesting at hundreds of colo-
nies from Southeast Alaska to Unimak Pass. These 
attributes and their ease of study have made them 
the best known of all species in the GOA. Informa-
tion on trends in abundance, productivity, and diets 
of kittiwakes and murres at several locations spans 
periods of one to more than four decades. Informa-
tion on other species, notably fulmars and puffins, at 
some colonies provides additional context.

7.2.1 Middleton Island

The longest time series of reliable abundance esti-
mates for seabirds in the GOA comes from Middleton 

Island, where the first count was made in 1956 
(Rausch 1958). Between 1956 and 1974, the number 
of kittiwakes increased by an order of magnitude, 
from about 14,000 to 144,000 birds (Baird and Gould 
1986). That increase is thought to have been made 
possible by the 1964 earthquake, which uplifted 
large sections of Middleton Island and created ex-
tensive new nesting habitat. Numbers of kittiwakes 
remained high there throughout the 1970s, but 
began to decline steadily in the early 1980s from a 
peak of about 166,000 birds to about 16,000 today 
(Hatch et al. 1993; S. Hatch, U.S. Geological Survey, 
Anchorage, Alaska, unpubl. data). 

The decline in abundance has been accompanied by 
generally low productivity since the early 1980s, av-
eraging just 0.06 chicks per pair between 1983 and 
1999 (Table 7.2). A large proportion of the decline in 
productivity was likely accounted for by increased 
predation by glaucous-winged gulls (see below). 
However, supplemental feeding of kittiwakes in re-
cent years altered a wide variety of adult breeding 
parameters sensitive to food supply and increased 
survival of chicks, supporting the notion that food 
limitation was a contributing factor (Gill 1999; V. 
Gill and S. Hatch, U.S. Geological Survey, Anchor-
age, Alaska, unpubl. data). 

The longest time series of abundance data for 
murres also comes from Middleton Island. As with 
kittiwakes, the murre population increased by about 
an order of magnitude following the 1964 earth-
quake, numbering 6,000 to 7,000 individuals by the 
mid-1970s. Also like kittiwakes, murre abundance 
at Middleton Island was in decline by the end of 
the decade, falling to about 4,000 individuals by 
1985. The population abruptly increased the follow-
ing year to nearly 8,000 birds, where it remained 
through 1988, rapidly declined again to about 2,000 
by 1992, and has been more or less stable since (S. 
Hatch, U.S. Geological Survey, Anchorage, Alaska, 
unpubl. data). The cause of the decline is thought 
to have been driven by gull predation and by the 
growth of vegetation that hampers access of chicks 
to the sea once they leave the nest (S. Hatch, un-
publ. data), but the sharp increases and decreases 
during the course of the overall decline argues for 
other controlling factors.

Glaucous-winged gulls also probably nested in 
comparatively small numbers on Middleton Island 
before 1964, although no counts were made in the 
early years. By 1973 there were fewer than 1,000 
individuals and fewer than 2,000 a decade later. 
However, in contrast to findings for murres and 
kittiwakes, the population ballooned to more than 
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12,000 birds between 1984 and 1993, and now totals 
about 11,000 (S. Hatch, unpubl. data). Predation by 
gulls on kittiwake and murre eggs and chicks may 
have contributed to the declines of those species (S. 
Hatch, U.S. Geological Survey, Anchorage, pers. 
comm., 2001).

The abundance of rhinoceros auklets on Middleton 
Island more than doubled from about 1,800 to 4,100 
burrows between 1978 and 1998 (S. Hatch, unpubl. 
data). Although there are no hard data, it seems 
likely that few or no rhinoceros auklets nested there 
before the earthquake because of a lack of habitat 
(S. Hatch, unpubl. data). Therefore, the increase 
in rhinoceros auklet abundance might be just the 
result of an increase in the extent of nesting habitat 
as vegetation covered uplifted soils. At St. Lazaria 
Island in Southeast Alaska, however, rhinoceros 
auklet numbers nearly doubled during the 1990s 
(Byrd et al. 1999), indicating that other factors are 
possibly involved.

A lack of adequate data precludes firm conclusions 
about trends in abundance of tufted puffins, but it 
is thought that they are increasing in abundance on 
Middleton Island as well (S. Hatch, unpubl. data).

Pelagic cormorants are known to move between 
nesting areas within colonies between years; there-

fore, census data are not necessarily as accurate for 
them as for other cliff-nesting species of seabirds. 
The data show that numbers of nesting pairs were 
comparatively stable at about 2,000 to 2,800 be-
tween the mid-1970s and mid-1980s. The number 
of pairs was extremely volatile from 1985 to 1993, 
however, rising and falling by as much as 700 per-
cent between consecutive years. In 1993, pelagic 
cormorants numbered about 800 pairs, and have 
increased steadily since then to about 1,600 pairs 
(S. Hatch, unpubl. data).

Seabirds at Middleton Island feed on a variety of 
forage species common throughout the GOA (Hatch 
1984; V. Gill and S. Hatch, U.S. Geological Survey, 
Anchorage, Alaska, unpubl. data). Early in the nest-
ing season kittiwakes typically prey on extremely 
energy-dense myctophids, which are generally re-
stricted in their distribution to deep-water regions 
off continental shelves (Willis et al. 1988, Sobolevsky 
et al. 1996). Later they switch to other, likely more 
accessible, prey and feed chicks primarily on sand 
lance, although capelin and sablefish are also impor-
tant in some years (V. Gill and S. Hatch, U.S. Geo-
logical Survey, Anchorage, Alaska, unpubl. data).

Rhinoceros auklets feed on numerous species of 
fishes, but seem to be sand lance specialists (Hatch 
1984, Vermeer and Westrheim 1984, Vermeer et al. 

Table 7.2. Trends in Kittiwake Abundance and Productivity at Colonies in the Gulf of Alaska.

 Population  Average production,  Number of  Colony   
Colony trajectory 1983-2000 colonies years

Increasing    
Gull Island1 Up 0.39 1 15
Prince William Sound2 Up 0.30 4 67
Barren Island3 Up 0.40 1 7

Stable    
Prince William Sound—Overall2 Level 0.18 22 372
Prince William Sound2 Up-Down 0.14 5 94
Prince William Sound2 Level 0.15 2 34
Chiniak Bay2 Level 0.19 1 16

Declining    
Semidi Islands3, 4 Down 0.05 1 11
Chisik Island1 Down 0.06 1 9
Prince William Sound2 Down 0.04 11 177
Middleton Island4 Down 0.06 1 ?

Colonies in PWS are divided into groups of increasing, stable, and declining abundance; overall kittiwake abundance is stable in PWS.
1From J. Piatt, USGS, Anchorage, AK (unpublished data). 
2From D. Irons, USFWS, Anchorage, AK (unpublished data).
3From USFWS, Anchorage, AK (unpublished data).
4From S. Hatch, USGS, Anchorage, AK (unpublished data).
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1987). At Middleton Island, sand lance contributed 
on average 62 percent of the biomass fed to chicks in 
eleven years between 1978 and 2000 (S. Hatch, U.S. 
Geological Survey, Anchorage, Alaska, unpubl. data). 
In years of apparent low abundance during the first 
half of the 1990s, pink salmon, capelin, greenlings, 
and sablefish replaced sand lance.

Tufted puffins at Middleton Island feed their chicks 
predominantly sand lance in years when sand lance 
are most abundant; sand lance make up as much as 
90 percent of biomass in peak years. Tufted puffins 
apparently switch to other prey sooner than rhinoc-
eros auklets when sand lance is scarce. Alternative 
prey of tufted puffins consists mainly of pollock and 
prowfish, with somewhat lesser amounts of sable-
fish (S. Hatch, U.S. Geological Survey, Anchorage, 
Alaska, unpubl. data).

7.2.2 Prince William Sound

Twenty-three kittiwake colonies in PWS were first 
counted in 1972, but were not counted again until 
1984. These and an additional six colonies have 
been visited nearly each year since (Irons 1996; D. 
Irons, U.S. Fish and Wildlife Service, Anchorage, 
Alaska, unpubl. data). During this time, long-term 
increases and decreases have been noted at vari-
ous colonies, but no obvious geographic pattern to 
the changes was found. Instead, four colonies have 
grown to large size, and eleven smaller colonies have 
declined, with some disappearing completely. Five 
other colonies first increased, then decreased, and 
two have not changed appreciably. At least some of 
these changes likely resulted from movements of 
adults between sites (D. Irons, unpubl. data). For 
example, as the Icy Bay colony declined from about 
2,400 birds in 1972 to fewer than 100 by 2000, the 
nearby North Icy Bay colony grew from about 500 
birds in 1972 to about 2,000 by the late 1990s. 
Overall, the total abundance of kittiwakes in PWS 
has remained stable, or perhaps increased slightly, 
despite substantial interannual variability; for ex-
ample, decreasing by 45 percent between 1991 and 
1993 and increasing by 35 percent between 1999 
and 2000.

Overall productivity likewise has been highly vari-
able between years, but generally has been much 
greater than at Middleton Island, averaging 0.18 
chicks per pair since 1984 (Table 7.2). Average 
productivity differed considerably between colonies 
with different population trajectories, however 
(Table 7.1).  The average productivity differed con-
siderably between colonies with different population 
trajectories, however, with highest productivity at 

colonies with increasing trends, lower productivity 
at colonies with stable or variable trends, and low-
est productivity at colonies with declining trends 
(Table 7.2).

Kittiwakes in Prince William Sound prey primarily 
on juvenile herring and sand lance in most years 
(Suryan et al. 2002).

7.2.3 Lower Cook Inlet

Kittiwakes at Chisik Island in Lower Cook Inlet 
were first counted in 1971 (Snarski 1971), and the 
population appears to have fallen steadily since 
then. By 1978, the number of birds was down by 
about 40 percent and today it is just 25 percent of 
the 1971 total (J. Piatt, U.S. Geological Survey, An-
chorage, Alaska, unpubl. data). The trend in murre 
abundance at Chisik Island has paralleled that of 
kittiwakes, but the decline has been even steeper. 
The population fell by more than half between 1971 
and 1978, and today stands at just about 10 percent 
of its former abundance. Kittiwake productivity has 
been poor in most years, averaging just 0.06 chicks 
per pair (Table 7.2). Less is known about productiv-
ity of murres, which has been estimated only since 
1996. In that time, it has been variable and aver-
aged 0.56 chicks per pair (Table 7.3).

In contrast, just across Cook Inlet at Gull Island in 
lower Kachemak Bay, numbers of kittiwakes and 
murres have increased substantially since counts 
were first made in 1976. The abundance of kitti-
wakes more than doubled between the mid-1970s 
and mid-1980s, peaked in 1988, and has averaged 
about 10 percent to 15 percent lower through the 
1990s (J. Piatt, unpubl. data). The growth in num-
bers of murres was somewhat less abrupt, but more 
enduring, with steady growth of about 300 percent 
through 1999. Productivity of kittiwakes at Gull 
Island has been much higher than at Chisik Island, 
and has been among the highest anywhere in the 
GOA with comparable data (Table 7.2). Productivity 
of murres at Gull Island has been less variable than 
at Chisik Island, but has averaged essentially the 
same, 0.52 chick per adult (Table 7.3).

Kittiwakes were first counted on the Barren Islands, 
at the mouth of Cook Inlet, in 1977. The next counts 
in 1989 to 1991 were apparently comparable. Sys-
tematic counts began in 1993 and have continued 
since. It is not known if the earlier (1977 to 1991) 
and later (1993 to 1999) groups are comparable. 
Within-group data indicate that there was no ap-
parent change in kittiwake abundance during ei-
ther time period. Likewise, there are two groups of 
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counts for murres—seven counts between 1975 and 
1991 and ten systematic counts between 1991 and 
1999. Counts in the early part of the first interval 
are not comparable to later counts in that interval; 
therefore, it is not known whether murre numbers 
changed from the 1970s to the late 1980s. Since 
1989, however, the population has steadily grown 
by about 40 percent (D.G. Roseneau, U.S. Fish and 
Wildlife Service, Homer, Alaska, unpubl. data).  
Kittiwake productivity at the Barren Islands in 
the 1990s was as high as at Gull Island (Table 7.2). 
Murre productivity since 1995 has averaged 0.73 
chick per pair, which is higher than at either of the 
other colonies in Lower Cook Inlet.

Kittiwakes and murres at all three locations prey on 
a similar suite of forage fishes, but the proportion 
of each species in diets varies depending on their 
relative abundance. Sand lance, capelin, and cods 
are the three most important taxa of prey (J. Piatt, 
U.S. Geological Survey, Anchorage, Alaska, unpubl. 
data; D.G. Roseneau, unpubl. data). Among the cods, 
the proportions of pollock, Pacific cod, and saffron 
cod vary by location. A variety of evidence from the 
Lower Cook Inlet region indicates that population 
trends of kittiwakes and murres at the three colo-
nies are directly related to the abundance of prey 
available to the birds (Kitaysky et al. 1999; Robards 
et al. 1999; J. Piatt, unpubl. data; D.G. Roseneau, 
unpubl. data). 

7.2.4 Kodiak Island

Of numerous seabird colonies on Kodiak Island, only 
those at Chiniak Bay have received much attention. 
Kittiwake abundance there was stable during the 
latter 1970s, increased abruptly in the early 1980s, 
and has continued to increase since then. Kittiwake 
productivity at Chiniak Bay was very high for at 
least two years in the mid-1970s (about one chick 

per nest), but was poor in the 1980s, averaging 
just 0.11 chick per nest between 1983 and 1989. 
Productivity improved in the 1990s, averaging 0.24 
chick per nest, and has averaged 0.19 chick per nest 
overall since 1983 (Table 7.2). 

Kittiwakes at Chiniak Bay preyed primarily on 
sand lance and capelin in the 1970s, as they do 
today (Baird 1990; D. Kildaw, University of Alaska 
Fairbanks, unpubl. data). Variations in diet between 
years were correlated with variations in productivity 
(Baird 1990).

7.2.5 Semidi Islands

Approximately 2,500,000 seabirds, or about a third 
of all the seabirds nesting in the GOA, are found on 
the Semidi Islands, including about 10 percent of the 
kittiwakes, half of the murres and horned puffins, 
and nearly all of the northern fulmars (Hatch and 
Hatch 1983). Seabird studies on the Semidi Islands 
began in 1976 and have continued in most years 
since. Most work has occurred at Chowiet Island, 
which hosts on the order of 400,000 birds of at least 
fifteen species, with the cliff-nesting species—kitti-
wakes, murres, and fulmars—receiving the greatest 
attention.

The number of kittiwakes at Chowiet Island varied 
little through 1981, although the number of nests 
grew by 60 percent. No counts were made from 1982 
to 1988. Kittiwake abundance in 1989 and 1990 
had not changed, but it declined abruptly in 1991, 
and has averaged about 30 percent lower since. 
The number of kittiwake nests in 1989 had fallen 
back to the late 1970s level, where it has tended to 
remain (U.S. Fish and Wildlife Service, Anchorage, 
Alaska, unpubl. data). Productivity of kittiwakes at 
Chowiet Island was generally high between 1976 
and 1981, averaging 0.43 chick per nest, with the 
highest level (nearly 1.2 chicks per nest) in 1981. 
Kittiwakes began failing to produce chicks at least 
by 1983 (no data were obtained in 1982), however, 
and in eleven colony years between 1983 and 1998, 
the average productivity was just 0.05 chick per nest 
(Table 7.2). Accompanying the decline in abundance 
and collapse of productivity was a delay of nine days 
in the mean laying date in the 1990s compared to 
the 1970s and early 1980s. Poor productivity and 
delayed laying are both symptomatic of food stress.

Murre abundance on Chowiet Island was stable be-
tween 1977 and 1981. Abundance was the same in 
1989 when counts were next made, but in contrast 
to findings for kittiwakes, the population has grown 
steadily since, standing 30 percent higher by 1998. 

Table 7.3. Trends in Murre Abundance and  
Productivity at Colonies in the Gulf 
of Alaska.

  Average      
 Population production,  Colony 
Colony trajectory 1989-2000 Range years

Gull Island1 Up 0.52 0.28-0.65 4
Chisik Island1 Down 0.56 0.18-0.74 4
Barren Island2 Up 0.73 0.58-0.75 5
Semidi Islands2,3 Up 0.48 0.21-0.58 6
1From J. Piatt, USGS, Anchorage, AK (unpublished data).
2From USFWS, Anchorage, AK  (unpublished data).
3From S. Hatch, USGS, Anchorage, AK (unpublished data). 
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As for kittiwakes, the mean laying date of murres 
was about ten days later in the 1990s than in the 
1970s. Productivity has not varied appreciably be-
tween years, except in 1998 when it was very low. 
The average productivity since 1989 was 0.48 chick 
per pair, or about the same as at Chisik and Gull 
islands (Table 7.2).

Trends in fulmar abundance, productivity, and 
phenology through time exhibited patterns similar 
to those of kittiwakes and murres. As with murres, 
abundance has increased: numbers of fulmars grew 
steadily between 1976 and 1981, and generally 
continued that trajectory at least through the mid-
1990s. As with kittiwakes, productivity of fulmars 
was lower in the 1980s and 1990s, averaging just 
0.24 chick per nest from 1983 through 1998, com-
pared to an average of 0.52 chick per nest from 
1976 through 1981. In addition, as found for both 
kittiwakes and murres, the nesting phenology of 
fulmars was conspicuously later in the 1990s than 
in the 1970s.

Little is directly known about diets of kittiwakes and 
murres at the Semidi Islands, but based on diets of 
rhinoceros auklets and tufted and horned puffins 
there (Hatch 1984, Hatch and Sanger 1992), it can 
be assumed that the usual food sources—sand lance, 
capelin, and pollock—are most important. These 
prey also are significant for fulmars. In general, 
the diets of fulmars overlap extensively with those 
of kittiwakes and murres, although overall fulmar 
diets are much more varied (Sanger 1987, Hatch 
1993). For example, fulmars are noted for eating 
large amounts of jellyfish and offal and for feeding 
jellyfish to chicks.

7.3 CONCLUSIONS
Seabird populations at colonies in the GOA are very 
dynamic, with numerous examples of growth and 
decline during the past three decades.

Murre numbers in the GOA are clearly down in 
such diverse habitats as Middleton Island, which 
lies near the edge of the continental shelf and is the 
most oceanic of all colonies in the GOA; at Chisik 
Island, which is arguably the most neritic (near-
shore) colony; and apparently at several colonies 
along the south side of the Alaska Peninsula. Murre 
numbers are not uniformly down, however; they 
have increased dramatically at Gull Island during 
the past fifteen years and at the Barren Islands 
and the Semidi Islands during the past ten years. 
Although comparatively little is known about murre 

productivity, it has been essentially the same in recent 
years at the declining colony on Chisik Island as at 
the growing colonies on Gull Island and the Semidi 
Islands. At Chisik Island, the rate of decline of the 
population equals the estimated adult mortality; 
productivity seems to be sufficient to maintain num-
bers if those birds were recruiting to the population. 
Therefore, recruitment appears to have been lack-
ing, which could be explained by poor survival of 
birds raised there or by emigration to other colonies 
(J. Piatt, U.S. Geological Survey, Anchorage, Alaska, 
pers. comm.). At Gull Island, productivity and re-
cruitment can account for only about half the rate 
of population growth, with immigration required to 
explain the other half.

There is not enough information to determine 
whether total kittiwake abundance in the GOA has 
changed one way or another. Many examples of 
growth, decline, and stasis in individual colonies are 
available, but there is no apparent broad geographic 
pattern to the trends. At the few colonies where both 
kittiwakes and murres have been monitored, abun-
dances of the two species tend to track each other 
through time. Kittiwakes, along with murres, have 
declined at Middleton Island and Chisik Island, and 
apparently increased, with murres, at Gull Island. 
The one exception is at Chowiet Island in the Semidi 
Islands, where kittiwakes decreased and murres 
increased. Elsewhere, kittiwakes have increased at 
Chiniak Bay on Kodiak Island and remained stable 
overall in PWS.

There is a strong correlation between population 
trajectory and long-term average productivity of 
kittiwakes at many colonies. Those colonies that 
are increasing in size have the highest productivity; 
those that are declining have the lowest. Colonies 
that show no change have intermediate levels. There 
are various interpretations of such a relationship. 
One is that productivity and subsequent recruit-
ment of young determines abundance. Another is 
that kittiwake abundance and productivity simply 
track changes in prey; that is, in years of high prey 
abundance, more adults attend colonies and produce 
greater numbers of chicks than in years of low prey 
abundance. There would not necessarily have to be 
any other relationship between the two.

There are conspicuous temporal patterns of kitti-
wake productivity at many colonies during the past 
seventeen years. Productivity at colonies in PWS and 
at Gull Island has varied in tandem, with peaks and 
valleys at about five-year intervals: high productiv-
ity in the mid- to late 1980s, low in the early 1990s, 
and higher again after 1995. For most of the record, 
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from the early 1980s through the mid-1990s, this 
pattern was opposite that at Chiniak Bay on Kodiak 
Island, where productivity peaked in the early 1990s 
while it bottomed-out in PWS and at Gull Island. 
Productivity at the three locations tended to track 
together during the latter half of the 1990s.

Kittiwake productivity and population trends in 
PWS are well-correlated before 1991 and since 1991, 
but the sign (positive or negative) of the relationship 
differs. Before 1991, high productivity was associ-
ated with low numbers of birds at the colonies, but 
since 1991, the relationship has been opposite. A 
similar switch occurred at about the same time in 
the relationship between kittiwake productivity in 
PWS and the abundance of age-1 herring (D. Irons, 
U.S. Fish and Wildlife Service, Anchorage, Alaska, 
unpubl. data). Such differences in sign and behavior 
of relationships before and after the 1989-to-1990 
regime shift have been pointed out for kittiwakes in 
the Bering Sea and for various other ecosystem com-
ponents of the North Pacific. It has been suggested 
that the differences reflect fundamental changes in 
ecosystem processes (Springer 1998, Welch et al. 
1998, Hare and Mantua 2000). 

The peaks and valleys in kittiwake productivity in 
PWS have punctuated a general declining trend 
during the longer term. If productivity depends more 
on prey abundance than on predation, then it seems 
as though prey have tended to decline throughout 
PWS in the past seventeen years, notwithstanding 
apparent oscillations.

In many cases, local trends in the abundance of 
murres and kittiwakes likely reflect mesoscale or 
regional processes affecting prey availability. For 
example, differences in population trends of both 
species at Chisik Island and Gull Island, and dif-
ferences in productivity of kittiwakes between the 
islands, are related to regional variations in the 
abundance of forage fishes (J. Piatt, U.S. Geologi-
cal Survey, Anchorage, Alaska, unpubl. data). The 
similarity in murre productivity between colonies 
is likely explained by flexible time budgets, which 
buffers them against fluctuations in prey (Burger 
and Piatt 1990, Zador and Piatt 1999). 

7.4 FUTURE DIRECTIONS 
Seabirds in the GOA are sensitive indicators of vari-
ability in the abundance of forage fishes through 
time and space. How well information from particu-
lar species at particular colonies reflects broad pat-
terns of ecosystem behavior in the GOA remains to 

be seen. The problem is that nearly all of the colonies 
are situated in habitats with distinct mesoscale or 
regional properties. PWS is a prime example, where 
colonies are located at the heads of fjords with and 
without glaciers, in bays and on islands around the 
perimeter of the main body of the sound, and on is-
lands in the center of the sound. The Barren Islands 
and Gull Island are strongly influenced by intense 
upwelling in Kennedy Entrance which greatly 
modifies local physical conditions and production 
processes: waters in the relatively small region are 
cold, nutrient-rich, and productive. Chisik Island 
lies in the path of the outflow of warm, nutrient-poor 
water from Cook Inlet. The Semidi Islands lie at the 
downstream end of Shelikof Strait and the center of 
distribution of spawning pollock in the GOA. 

Thus, there are various trends in abundance of kit-
tiwakes at the numerous colonies in PWS. Trends 
in abundance of kittiwakes and murres at the Bar-
ren Islands and Gull Island are opposite those at 
neighboring Chisik Island; and patterns of kittiwake 
productivity at Gull Island and Chiniak Bay are op-
posite of each other. Only Middleton Island, which 
sits isolated near the edge of the continental shelf 
and the Alaskan Stream, and sites on or near the 
coast of the Alaska Peninsula west of Kodiak Island, 
which lie in the flow of the Alaska Coastal Current, 
seem to have the potential to represent gulf-wide 
variability unencumbered by possibly confusing 
smaller-scale features.

On the other hand, there is reason for optimism 
that broad-scale variability is indeed expressed in 
seabird biology. In spite of a wide variety of local 
habitat characteristics and population trends of 
kittiwakes at the many colonies in PWS, and large 
differences in average long-term productivity among 
colonies with differing abundance trends, a common 
temporal pattern of productivity has been shared 
by almost all colonies. Concordant, clearly defined 
peaks and valleys have been observed at about five-
year intervals. A sound-wide environmental signal 
has propagated through the kittiwakes regardless of 
their location or status. 

Moreover, the signal captured by kittiwakes in PWS 
and expressed in patterns of productivity was also 
captured by kittiwakes at Gull Island, implying that 
they may not be as ecologically separated as one 
might assume considering their geographic distance 
and characteristics of their environments. And fur-
ther expanding the spatial dimension, the temporal 
pattern of sand lance abundance in the vicinity of 
Middleton Island during the past fifteen years, as 
revealed by its occurrence in diets of rhinoceros 
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auklets and tufted puffins there, matches closely 
the patterns of kittiwake productivity in PWS and 
at Gull Island. Although a long geographical stretch, 
it might not be such a long ecological stretch when 
viewed broadly, at the GOA scale, rather than in 
a regional geographic and ecological context. And 
finally, the kittiwakes at Chiniak Bay also seemed 
to be attuned to this same signal, notwithstanding 
the fact that it apparently led to opposite behavior 
in the local system for some of the time. One thing 
that is fairly certain is that the temporal and spatial 
patterns in various components of seabird biology 
exhibited in the GOA do reflect underlying patterns 
in food-web production and ecosystem processes. 
Because of the range of oceanographic situations 
surrounding the various colonies, detailed informa-
tion from them should prove valuable in building a 
composite view of ecosystem behavior in the GOA.

A variety of approaches to developing a long-term 
monitoring program in the GOA might work, but 
the framework that has evolved over the past three 
decades already has proved useful. In-depth work is 
occurring or has occurred in many years since the 
1970s at well-placed locations throughout the GOA. 
These locations include St. Lazaria Island and For-
rester Island in Southeast Alaska; Middleton Island; 
many colonies in PWS; Chisik Island, Gull Island, 
and the Barren Islands in Lower Cook Inlet; Kodiak 
Island; the Semidi Islands; and Aiktak Island on the 
south side of Unimak Pass. Colonies at these loca-
tions share several well-known, tractable species 
that provide complementary views of the ecosystem, 
particularly if they are systematically exploited for 
their contributions. Just as information from each 
of these colonies will help build a composite broad 
view of the GOA, information from several species of 
seabirds at each colony will help build a composite 
regional view of ecosystem behavior.

Therefore, the most popular species should continue 
to be the main focus. These are kittiwakes and 
murres, the species in the GOA with the highest 
combined score of abundance, distribution, and ease 
of study. Elements of their biology are sensitive to 
variability in prey, as seen in the GOA and numerous 
places elsewhere in the North Pacific and North 
Atlantic.

Kittiwakes and murres do not do some things as 
well as second-tier species, namely the puffins. Com-
paratively little is known about population trends 
of puffins, despite the fact that they are among the 
most abundant and widespread of the seabirds in 
the GOA. This lack of knowledge results because 
they nest underground. However, puffins have been 

used to monitor trends in forage fish abundance 
at numerous colonies throughout the GOA, Aleu-
tian Islands, and British Columbia (Hatch 1984; 
Vermeer and Westrheim 1984; Hatch and Sanger 
1992; S. Hatch, U.S. Geological Survey, Anchorage, 
Alaska, unpubl. data; J. Piatt, U.S. Geological Sur-
vey, Anchorage, Alaska, unpubl. data). Diets of the 
three species of puffins overlap extensively, but each 
samples the environment somewhat differently: 
variability in diets among the puffins, locations, 
and time reveals geographic patterns of forage fish 
community structure and fluctuations in the abun-
dances of individual species. Puffins return whole, 
fresh prey to their chicks, a behavior that provides 
an economical, efficient means of measuring vari-
ous attributes of forage fish populations, such as 
individual growth rates within and between years 
and relative year-class strength.

Third-tier species, the cormorants, guillemots, and 
storm-petrels, also have attributes that can provide 
additional useful information. Cormorant and guil-
lemot diets overlap extensively with those of kitti-
wakes, murres, and puffins, but the cormorants and 
guillemots sample prey much nearer to colonies and 
sample additional species not used by the others. 
Storm-petrels, in contrast, range widely and sample 
oceanic prey not commonly consumed by any other 
species. In combination, the diets, abundance, and 
productivity of the various species of seabirds pro-
vide information on prey at multiple spatial scales 
around colonies. In situations when this information 
can be easily obtained, it should not be overlooked.

A successful strategy for seabird monitoring will 
balance breadth (geographic and ecological) with 
intensity (how much is done at each site). On the one 
hand, it is important to select a sufficient number of 
sites to adequately represent a range of environmental 
conditions in mesoscale and macroscale dimensions. 
On the other hand, studies must be thorough at each 
colony. Simply comparing population trends of one or 
two species may give uncertain, possibly misleading 
information on underlying conditions of the envi-
ronment. Without additional information on such 
things as survival, emigration, recruitment, diet, 
and physiological condition of the birds, conclusions 
about causes of population change, or about what 
population change is saying about the environment 
versus what productivity is saying, are elusive.

Another need for a long-term monitoring plan is 
knowledge about when reliable time series begin. 
For example, several estimates of murre abundance 
at colonies in the GOA from the 1970s are likely not 
comparable to more recent systematic counts (Erikson 
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1995; D.G. Roseneau, U.S. Fish and Wildlife Ser-
vice, Homer, Alaska, unpubl. data). Inappropriate 
comparisons could result in erroneous conclusions 
about population changes that might further lead to 
unsupported speculation concerning broader trends 
in ecosystem change. The consequences of inappro-
priate comparisons are nicely illustrated by census 
data from the western Alaska Peninsula. If taken at 
face value, the information indicates that declines 
in the abundance of murres have been particularly 
severe at colonies from the Shumagin Islands west-
ward to Unimak Pass. However, the trend data for 
two of the colonies, Bird Island and Unga Island, 
consist of single counts made in each of two years at 
both colonies. The first counts in 1973 were made in 
mid-June, which is early in the nesting season when 
murre numbers are unstable at colonies and often 
much higher than later during the census period 
(Hatch and Hatch 1989). At another of the colonies, 
Aiktak Island, the evidence of decline is based on a 

single count of nearly 13,000 birds in 1980, the first 
year a census of the colony was performed (Byrd 
et al. 1999). Single counts in 1982, 1989, and 1990 
ranged between 175 and about 8,000 birds. And, the 
lower boundary of the 90 percent confidence interval 
about the mean of multiple counts in 1998 was less 
than zero, and the upper boundary was nearly as 
great as the first count in 1980. One must therefore 
ask if the murre population has indeed changed at 
all over the long term at Aiktak Island, or at the 
other colonies in the region where similar uncer-
tainty exists, and if so how much.

In spite of such caveats, information gained from 
seabirds in the past three decades reveals a great 
deal about the nature of variability in the GOA. We 
can be certain that the perpetuation and refinement 
of seabird studies will continue to provide insights 
and hypotheses useful to the broader goal of under-
standing the GOA ecosystem.
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CHAPTER8
Fish and Shellfish
Phillip R. Mundy and Anne Hollowed

8.1 INTRODUCTION
The Gulf of Alaska (GOA) is well known for its 
fish and shellfish because of its long-standing and 
highly valuable commercial and recreational fisher-
ies. Less well known are the noncommercial fish 
and invertebrate species that compose the bulk of 
the animal biomass in the GOA. As a rule, status 
of the economically important species is fairly well 
known from trawl, trap, and hook catches made by 
research and commercial vessels (Cooney 1986a, 
Martin 1997a, Witherell 1999a, Kruse et al. 2000a). 
By the same rule, the status of many non-target fish 
and shellfish species is less well known, having been 
sampled during research investigations of limited 
duration (Feder and Jewett 1986, Rogers et al. 1986, 
Highsmith et al. 1994, Purcell et al. 2000, Rooper 
and Haldorson 2000, Mecklenburg et al. 2002). Spe-
cies not commercially harvested are less well studied 
than commercially harvested species, such as Tan-
ner crab. For example, because commercial fisheries 
for forage species are discouraged by regulaton, the 
fluctuations of their populations are not well docu-
mented. More detailed consideration of some of the 
less economically important, but more ecologically 
prominent, forage species is found in this chapter’s 
section 8.4, Forage Species, and some of the less 
common shellfish species are considered in chapter 
6, Nearshore Benthic Communities.

The marine fish and shellfish of the GOA fall into 
two major groups (Feder and Jewett 1986, Rogers 
et al. 1986, Cooney 1986a, Cooney 1986a, Martin 
1997b, Mecklenburg et al. 2002):

1. Fish—bony fish, sharks, skates, and rays; and

2. Shellfish—the mollusks (bivalves including 
scallops, squid, and octopus); and crustaceans—
crabs and shrimp. 

Note that three other ecologically important groups, 
the pelagic jellyfish (Cnidaria), the bottom dwelling 
sea stars and urchins (Echinodermata), and the 
segmented worms (Annelida) are not included in the 
category of the fish and shellfish. All the scientific 
names and many common names of the species ac-

cessible to trawl gear on the continental shelf and 
shelf break of the GOA (see shelf topography map, 
Figure 4.1a and b, chapter 4) are in Table 8.1.

As would be expected with high marine productiv-
ity, the fish and shellfish fisheries of the GOA have 
been among the world’s richest in the second half 
of the twentieth century. Major fisheries include, 
or have included, halibut, groundfish (e.g., Pacific 
cod, pollock, sablefish, Pacific ocean perch and other 
rockfish, flatfish such as soles and flounders), Pacific 
herring, multiple species of pandalid shrimp and red 
king crab, five species of Pacific salmon, scallops, 
and other invertebrates (Cooney 1986a, Kruse et al. 
2000a, Witherell and Kimball 2000). The status of 
major fisheries and stocks of interest are addressed 
in the subsections below. 

8.2 OVERVIEW OF FISH
Considering collections made by all types of gear 
ever reported in the scientific literature, 521 species 
of fish are known to occur in both fresh and marine 
waters of Alaska (Mecklenburg et al. 2002). Alaska 
fish species are overwhelmingly marine (474 spe-
cies) or anadromous (25 species), and the marine-
anadromous species are overwhelmingly bony (471 
species) with only 28 species of cartilaginous fishes 
such as lamprey, sharks, and sturgeons known from 
Alaska waters. The most common fish species are 
known best from commercial catches and fishery 
trawl surveys. 

Most of the 287 GOA fish species commonly encoun-
tered in commercial harvests and marine fisheries 
trawl surveys are bony fish, and the largest number 
of species is in the sculpin family (Cottidae), followed 
in order of number of species by the snailfish family 
(Cyclopteridae), the rockfish family (Scorpaenidae), 
and the flatfish family (Pleuronectidae) (Tables 8.2 
and 8.3). The bony fish dominate the number of 
species in the GOA, with less than 10 percent of 
species being cartilaginous fishes (Petromyzontidae 
to Acipenseridae, Table 8.2). Species diversity in the 
fish depends on the type of gear used to sample (Ta-
ble 8.2). It is important to keep in mind that trawl 
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Table 8.1.  Fish and Invertebrate Species from 1996 NMFS Trawl Surveys of the Gulf of Alaska.

Fish Species

Family Species name Common name

Lamnidae Lamna ditropis salmon shark

Squalidae Squalus acanthias spiny dogfish
 Somniosus pacificus Pacific sleeper shark
 
Rajidae Bathyraja interrupta Bering skate
 Bathyraja trachura black skate
 Bathyraja parmifera Alaska skate
 Bathyraja aleutica Aleutian skate
 Raja binoculata big skate
 Raja rhina longnose skate  

Chimaeridae Hydrolagus colliei spotted ratfish

Bothidae Citharichthys sordidus Pacific sanddab

Pleuronectidae  Atheresthes evermanni Kamchatka flounder
 Atheresthes stomias arrowtooth flounder
 Eopsetta jordani petrale sole
 Glyptocephalus zachirus rex sole
 Hippoglossoides elassodon flathead sole
 Hippoglossus stenolepis Pacific halibut
 Isopsetta isolepis butter sole
 Lepidopsetta bilineata southern rock sole
 Limanda asper yellowfin sole
 Lyopsetta exilis slender sole
 Microstomus pacificus Dover sole
 Parophrys vetulus English sole
 Platichthys stellatus starry flounder
 Pleuronectes  Alaska plaice 
   quadrituberculatus
 Psettichthys melanostictus sand sole

Agonidae Aspidophoroides bartoni Aleutian  
    alligatorfish
 Bathyagonus nigripinnis blackfin poacher
 Bathyagonus pentacanthus bigeye poacher
 Hypsagonus quadricornis fourhorn poacher
 Podothecus acipenserinus sturgeon poacher
 Sarritor frenatus sawback poacher
 Xeneretmus leiops smootheye poacher

Ammodytidae Ammodytes hexapterus Pacific sand lance

Anarhichadidae Anarrhichthys ocellatus wolf-eel

Anoplopomatidae Anoplopoma fimbria sablefish

Argentinidae  Nansenia candida bluethroat  
       argentine
  
Bathylagidae  Leuroglossus schmidti northern  
      smoothtongue

Bathymasteridae Bathymaster caeruleofasciatus Alaskan ronquil
  Bathymaster signatus searcher

Chauliodontidae Chauliodus macouni Pacific viperfish

Clupeidae  Clupea pallasii Pacific herring

Macrouridae  Albatrossia pectoralis giant grenadier
  Coryphaenoides cinereus popeye grenadier

Cottidae   Artediellus sp. 
   Dasycottus setiger spinyhead sculpin
   Eurymen gyrinus smoothcheek  
          sculpin
   Gymnocanthus galeatus armorhead sculpin

Martin (1997). 

The maximum depth of sampling was 500 meters.

Fish Species 

Family Species name Common name

Cottidae  Gymnocanthus pistilliger threaded sculpin
(Continued) Hemilepidotus hemilepidotus red Irish lord
 Hemilepidotus jordani yellow Irish lord
 Hemilepidotus papilio butterfly sculpin
 Hemitripterus bolini bigmouth sculpin
 Icelinus borealis northern sculpin
 Icelinus tenuis spotfin sculpin
 Icelus spiniger thorny sculpin
 Malacocottus zonurus darkfin sculpin
 Myoxocephalus jaok plain sculpin
 Myoxocephalus  great sculpin 
   polyacanthocephalus
 Nautichthys oculofasciatus sailfin sculpin
 Nautichthys pribilovius eyeshade sculpin
 Psychrolutes paradoxus tadpole sculpin
 Rhamphocottus richardsoni grunt sculpin
 Thyriscus anoplus 
 Triglops forficata scissortail sculpin
 Triglops macellus roughspine sculpin
 Triglops pingeli ribbed sculpin
 Triglops scepticus spectacled sculpin

Trichodontidae Trichodon trichodon Pacific sandfish

Gadidae Microgadus proximus Pacific tomcod
 Gadus macrocephalus Pacific cod
 Theragra chalcogramma walleye pollock

Hexagrammidae  Hexagrammos decagrammus kelp greenling
  Hexagrammos octogrammus masked greenling
 Hexagrammos stelleri whitespotted  
    greenling
 Ophiodon elongatus lingcod
 Pleurogrammus  Atka mackerel 
   monopterygius

Cyclopteridae Aptocyclus ventricosus smooth lumpsucker
 Careproctus melanurus blacktail snailfish
 Careproctus gilberti smalldisk snailfish
 Eumicrotremus birulai round lumpsucker
 Eumicrotremus orbis Pacific spiny  
    lumpsucker
 Paraliparis sp. 

Melamphaeidae Poromitra crassiceps crested bigscale

Melanostomiidae Tactostoma macropus longfin dragonfish

Merluccidae Merluccius productus Pacific hake

Myctophidae  Diaphus theta California  
       headlightfish
  Lampanyctus ritteri broadfin lanternfish
  Lampanyctus jordani brokenline lampfish

  Stenobrachius leucopsarus northern lampfish 
Paralepidae  Paralepis atlantica duckbill  
      barracudina

Osmeridae Hypomesus pretiosus surf smelt
  Mallotus villosus capelin
  Spirinchus thaleichthys longfin smelt
  Thaleichthys pacificus eulachon 

Salmonidae  Oncorhynchus gorbuscha pink salmon
  Oncorhynchus keta chum salmon
  Oncorhynchus kisutch coho salmon
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Fish Species 

Family Species name Common name

Salmonidae Oncorhynchus nerka sockeye salmon
(Continued) Oncorhynchus tshawytscha chinook salmon
 Salvelinus malma Dolly Varden

Cryptacanthodidae Cryptacanthodes giganteus giant wrymouth

Stichaeidae  Chirolophis decoratus decorated   
    warbonnet
 Lumpenus maculatus daubed shanny
 Lumpenus sagitta snake prickleback
 Lumpenella longirostris longsnout  
    prickleback
 Poroclinus rothrocki whitebarred  
    prickleback

Zaproridae Bothrocara pusillum Alaska eelpout
 Lycodapus sp. 
 Lycodes palearis wattled eelpout
 Lycodes diapterus black eelpout
 Lycodes brevipes shortfin eelpout 
 Lycodes pacificus blackbelly eelpout
 Zaprora silenus prowfish 

Scorpaenidae Sebastes aleutianus rougheye rockfish
 Sebastes alutus Pacific ocean perch
 Sebastes babcocki redbanded rockfish
 Sebastes borealis shortraker rockfish
 Sebastes brevispinis silvergray rockfish
 Sebastes ciliatus dark dusky rockfish
 Sebastes crameri darkblotched  
    rockfish
 Sebastes elongatus greenstriped  
    rockfish
 Sebastes entomelas widow rockfish
 Sebastes flavidus yellowtail rockfish
 Sebastes helvomaculatus rosethorn rockfish
 Sebastes maliger quillback rockfish
 Sebastes melanops black rockfish
 Sebastes nigrocinctus tiger rockfish
 Sebastes paucispinis bocaccio
 Sebastes pinniger canary rockfish
 Sebastes polyspinis northern rockfish
 Sebastes proriger redstripe rockfish
 Sebastes reedi yellowmouth  
    rockfish
 Sebastes ruberrimus yelloweye rockfish
 Sebastes variegatus harlequin rockfish
 Sebastes wilsoni pygmy rockfish
 Sebastes zacentrus sharpchin rockfish
 Sebastolobus alascanus shortspine  
    thornyhead

Invertebrate Species

Phylum Species name Common name

Cnidaria Alcyonium sp. 
 Amphilaphis sp. 
 Anthomastus sp. 
 Arthrogorgia sp. 
 Callogorgia sp. 
 Cyanea capillata 
 Cyclohelia lancellata 
 Errinopora sp. 
 Fanellia compressa 
 Gersemia sp. sea raspberry
 Liponemis brevicornis 
 Metridium senile 
 Muriceides sp. 
 Paragorgia arborea 
 Pavonaria finmarchica 
 Plumarella sp.   
 Primnoa willeyi 
 Ptilosarcus gurneyi 
 Stylaster brochi 
 Stylatula sp. slender seawhip
 Thouarella sp. 

Annelida  Carcinobdella cyclostomum striped sea leech
 Cheilonereis cyclurus 
 Eunoe nodosa giant scale worm
 Eunoe depressa depressed scale  
    worm
 Serpula vermicularis 

Arthropoda Acantholithodes hispidus fuzzy crab
 Argis dentata Arctic argid
 Argis lar kuro argid
 Balanus evermanni giant barnacle
 Balanus rostratus beaked barnacle
 Cancer gracilis graceful rock crab
 Cancer magister Dungeness crab
 Cancer oregonensis Oregon rock crab
 Chionoecetes angulatus triangle tanner  
    crab
 Chionoecetes bairdi bairdi tanner crab
 Chionoecetes tanneri grooved tanner  
    crab 
 Chorilia longipes longhorned  
    decorator crab
 Crangon communis twospine crangon
 Crangon dalli ridged crangon
 Crangon septemspinosa sevenspine bay  
    shrimp
 Elassochirus cavimanus purple hermit
 Elassochirus gilli Pacific red hermit
 Elassochirus tenuimanus widehand hermit  
    crab
 Eualus macilenta 
 Hapalogaster grebnitzkii 
 Hyas lyratus Pacific lyre crab
 Labidochirus splendescens splendid hermit
 Lebbeus groenlandicus 
 Lithodes aequispinus golden king crab
 Lopholithodes foraminatus box crab
 Munida quadrispina 
 Oregonia gracilis graceful decorator  
    crab
 Pagurus aleuticus Aleutian hermit
 Pagurus brandti sponge hermit
 Pagurus capillatus hairy hermit crab
 Pagurus confragosus knobbyhand  
    hermit
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Invertebrate Species

Phylum Species name Common name

Arthropoda Pagurus dalli whiteknee hermit
(Continued) Pagurus kennerlyi bluespine hermit
 Pagurus ochotensis Alaskan hermit
 Pagurus rathbuni longfinger hermit
 Pagurus tanneri longhand hermit
 Pandalopsis dispar sidestriped shrimp
 Pandalus borealis northern shrimp
 Pandalus goniurus humpy shrimp
 Pandalus hypsinotus coonstriped shrimp
 Pandalus jordani ocean shrimp
 Pandalus platyceros spot shrimp
 Pandalus tridens yellowleg pandalid
 Paralithodes camtschaticus red king crab
 Paralithodes platypus blue king crab
 Pasiphaea pacifica Pacific glass  
    shrimp
 Pasiphaea tarda crimson pasiphaeid
 Pinnixa occidentalis pea crab
 Placetron wosnessenskii scaled crab
 Pugettia sp. kelp crab
 Rhinolithodes wosnessenskii rhinoceros crab
 Sclerocrangon boreas sculptured shrimp

Mollusca  Aforia circinata keeled aforia
 Arctomelon stearnsii Alaska volute
 Astarte crenata crenulate astarte
 Bathybembix bairdii 
 Beringius kennicottii 
 Beringius undatus 
 Berryteuthis magister magistrate  
    armhook squid
 Buccinum plectrum sinuous whelk
 Buccinum scalariforme ladder whelk
 Chlamylla sp. 
 Chlamys rubida reddish scallop
 Cidarina cidaris 
 Clinocardium californiense California cockle
 Clinocardium ciliatum hairy cockle
 Clinocardium nuttallii Nuttall cockle
 Colus herendeenii thin-ribbed whelk
 Cranopsis major 
 Cyclocardia crebricostata many-rib  
    cyclocardia
 Cyclocardia ventricosa stout cyclocardia
 Fusitriton oregonensis Oregon triton
 Limopsis akutanica Akutan limops
 Mactromeris polynyma Arctic surfclam
 Modiolus modiolus northern  
    horsemussel
 Musculus discors discordant mussel
 Musculus niger black mussel
 Mytilus edulis blue mussel
 Natica clausa arctic moonsnail
 Natica russa rusty moonsnail
 Neptunea amianta 
 Neptunea lyrata lyre whelk
 Neptunea pribiloffensis Pribilof whelk
 Nuculana sp. 
 Octopus dofleini giant octopus
 Opisthoteuthis californiana flapjack devilfish
 Patinopecten caurinus weathervane  
       scallop
 Plicifusus kroyeri 
 Pododesmus macroschisma Alaska falsejingle

Invertebrate Species

Phylum Species name Common name

Mollusca Polinices pallidus pale moonsnail
(Continued) Rossia pacifica eastern Pacific  
       bobtail
 Serripes groenlandicus Greenland cockle
 Serripes laperousii broad cockle
 Siliqua sp. 
 Tochuina tetraquetra giant orange tochui
 Tridonta borealis boreal tridonta
 Tritonia diomedea rosy tritonia
 Volutopsius callorhinus 
 Volutopsius fragilis fragile whelk
 Volutopsius harpa left-hand whelk
 Yoldia scissurata crisscrossed yoldia
 Yoldia thraciaeformis broad yoldia

Echinodermata Allocentrotus fragilis orange-pink sea  
    urchin
 Amphiophiura ponderosa 
 Asterias amurensis purple-orange sea  
    star
 Asteronyx loveni 
 Bathyplotes sp. 
 Brisaster latifrons 
 Ceramaster japonicus red bat star
 Ceramaster patagonicus orange bat star
 Crossaster borealis 
 Crossaster papposus rose sea star
 Ctenodiscus crispatus common mud star
 Cucumaria fallax 
 Diplopteraster multipes 
 Dipsacaster borealis 
 Echinarachnius parma Parma sand dollar
 Evasterias echinosoma 
 Evasterias troschelii 
 Gephyreaster swifti 
 Gorgonocephalus caryi 
 Henricia leviuscula 
 Henricia sanguinolenta 
 Hippasteria spinosa 
 Leptasterias hylodes 
 Leptasterias polaris 
 Leptychaster pacificus 
 Lethasterias nanimensis 
 Lophaster furcilliger 
 Luidia foliata 
 Luidiaster dawsoni 
 Mediaster aequalis 
 Molpadia intermedia 
 Ophiopholis aculeata 
 Ophiura sarsi 
 Orthasterias koehleri 
 Parastichopus californicus 
 Pedicellaster magister 
 Pentamera lissoplaca 
 Poraniopsis inflata 
 Pseudarchaster parelii 
 Psolus fabricii 
 Pteraster militaris 
 Pteraster obscurus 
 Pteraster tesselatus 
 Pycnopodia helianthoides 
 Rathbunaster californicus 
 Solaster dawsoni 

Table 8.1.  Fish and Invertebrate Species from 1996 NMFS Trawl Surveys of the Gulf of Alaska  
(Continued).



The Gulf of Alaska: Biology and Oceanography 85

Invertebrate Species

Phylum Species name Common name

Echinodermata Solaster endeca 
(Continued) Solaster paxillatus 
 Solaster stimpsoni 
 Stichopus japonicus 
 Strongylocentrotus  green sea urchin 
   droebachiensis
 Strongylocentrotus franciscanus red sea urchin
 Strongylocentrotus pallidus white sea urchin
 Stylasterias forreri 

Porifera Aphrocallistes vastus clay pipe sponge
 Halichondria panicea barrel sponge
 Hylonema sp. fiberoptic sponge
 Mycale loveni tree sponge
 Myxilla incrustans scallop sponge
 Suberites ficus hermit sponge

Bryozoa Eucratea loricata feathery bryozoan
 Flustra serrulata leafy bryozoan

Brachiopoda  Laqueus californianus 
 Terebratalia transversa 
 Terebratulina unguicula 

Chordata  Styela rustica sea potato
 Aplidium sp. 
 Boltenia sp. 
 Halocynthia aurantium sea peach
 Molgula griffithsii sea grape
 Molgula retortiformis sea clod
 Synoicum sp. 

gear surveys are not designed or intended to esti-
mate species diversity. A comparison of the known 
fish species composition to the species composition in 
the predominant types of trawl gear surveys shows 
that trawl gear samples underestimate the fish 
species diversity of the GOA (Cooney 1986b). The 
longest standing trawl gear surveys for the GOA are 
limited to the continental shelf and the shelf break 
(to 500 m before 1999 and to 1,000 m thereafter). 
The National Marine Fisheries Service (NMFS) has 
measured relative abundance and distribution of the 
principal groundfish and commercially important 
invertebrate species (Martin 1997b), and before 
1980, the International Pacific Halibut Commission 
(IPHC) collected information on the abundance, 
distribution, and age structure of halibut. Hook and 
line surveys for Pacific halibut, sablefish, rockfish, 
and Pacific cod on the continental shelf in the GOA 
have been conducted by the IPHC since 1962 (Clark 
et al. 1999).

On the basis of the biomass available to trawl gear 
on the continental shelf and shelf break, flatfish and 
rockfish dominate the fish fauna in most areas of 
the GOA. As of 1996, a flatfish species, arrowtooth 

flounder, dominated the overall trawl survey of the 
fish biomass in the GOA, followed by Pacific ocean 
perch (rockfish), walleye pollock (gadid), Pacific hali-
but (flatfish), and Pacific cod (gadid) (Martin 1997a). 
Biomass of the arrowtooth flounder is approaching 
two million metric tons, and its biomass has been 
steadily increasing since 1977 (Witherell 1999a). Of 
the next fifteen largest biomasses of species in the 
1996 NMFS survey, six were flatfish and five were 
rockfish. 

Geographic distributions of GOA fish biomass in 
the NMFS trawl surveys are different from the 
overall total. In the western GOA, Atka mackerel 
(Hexagrammidae) had the highest biomass in the 
Shumagin Islands, but this species was not among 
the twenty largest biomasses of species in the four 
other International North Pacific Fisheries Commis-
sion (INPFC) areas of the GOA. Arrowtooth flounder 
dominate the trawl survey biomass throughout the 
GOA. They are the most or second-most abundant 
in all five areas. Flatfish and especially soles make 
up a large number of high-biomass species in the 
western and northwestern GOA (Shumagin Islands, 
Chirikof, and Kodiak), and rockfish have a large 
number of high-biomass species in the northeastern 
and eastern GOA (Yakutat and Southeast). Pollock 
and cod are a dominant part of the biomass in the 
western GOA, but less so in the east. Pacific sleeper 
sharks are among the twenty largest biomasses of 
species in the north (Chirikof, Kodiak, and Yakutat), 
but not in the south (Shumagin Islands and South-
east). The only anadromous species, the eulachon, 
occurs among the twenty largest biomasses in the 
north, but not in the south.

With the use of a variety of gear types, including 
trawl net, try net, trammel net, beach seine, and tow 
net in waters less than 100 m, Rogers et al. (1986) 
provided a detailed image of the distribution of fish 
species and biomass with depth and by region. As 
was the case for the 1996 NMFS trawl surveys, spe-
cies composition and relative biomass of fish species 
in multi-gear surveys change substantially in mov-
ing from the nearshore toward offshore areas in the 
GOA, as well as from one region to the next. The 
findings of the multiple gear surveys were consistent 
with the trawl survey observations in that shallow 
(smaller than 100 m) fish assemblages were more 
diverse in the north and west of the GOA than in 
the northeast and east (Table 8.4 in comparison to 
Table 8.2). 

Other trends in distribution correspond to reproduc-
tion and seasonal changes in shallow waters in some 



86 Fish and Shellfish

Table 8.2. Fish Families and the Approximate Number of Genera 
and Species Reported from the Gulf of Alaska.

 Quast and Hall1 Miscellaneous surveys2 

 Number of  Number of Number of   Number of  
 Family  genera  species genera  species

Petromyzontidae 2 3 – –
Hexanchidae 1 1 – –
Lamnidae 2 2 1 1
Carcharhinidae 1 1 – –
Squalidae 2 2 1 1
Rajidae 1 7 1 4
Acipenseridae 1 2 – –
Clupeidae 2 2 1 1
Salmonidae 6 12 1 3
Osmeridae 5 6 5 6
Bathylagidae 1 4 – –
Opisthoproctidae 1 1 – –
Gonostomatidae 2 4 – –
Melanostomiidae 1 1 – –
Chauliodontidae 1 1 1 1
Alepocephalidae 1 1 – –
Anotopteridae 1 1 – –
Scopelarchidae 1 1 – –
Myctophidae 7 10 1 1
Oneirodidae 1 3 – –
Moridae 1 1 – –
Gadidae 5 5 5 5
Ophidiidae 2 2 – –
Zoarcidae 6 11 4 7
Macrouridae 1 3 1 1
Scomberesocidae 1 1 1 1
Melamphaidae 3 3 – –
Zeidae 1 1 – –
Lampridae 1 1 – –
Trachipteridae 1 1 – –
Gasterosteidae 2 2 – –
Scorpaenidae 2 22 2 30
Hexagrammidae 3 6 3 5
Anoplopomatidae 2 2 1 1
Cottidae 30 54 15 24
Psychrolutidae 1 1 – –
Agonidae 8 12 8 9
Cyclopteridae 12 38 5 7
Bramidae 1 1 – –
Pentacerotidae 1 1 – –
Sphyracnidae 1 1 – –
Trichodontidae 2 2 1 1
Bathymasteridae 2 4 2 2
Anarhichadidae 1 1 1 1
Stichaidae 10 15 4 6
Ptilichthyidae 1 1 – –
Pholididae 2 4 – –
Scytalinidae 1 1 – –
Zaproridae 1 1 1 1
Ammodytidae 1 1 1 1
Scombridae 2 2 – –
Centrolophidae 1 1 – –
Bothidae 1 1 – –
Pleuronectidae 15 17 15 16
Cryptacanthodidae3 2 2 2 2
Totals 167 287 84 138

Sources: Hood and Zimmerman 1986 (after Ronholt et al. 1978). 
1After Quast and Hall (1972).
2Gulf of Alaska exploratory, BCF, IPHC, and NMFS trawl survey data.
3Quast and Hall (1972) include these genera and species in the family Stichaeidae while Hart (1973) recognizes a  
     separate family.
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species of nearshore fishes. Estuarine bays in the 
Kodiak archipelago are nursery areas, with larvae 
and juveniles being found in nearshore and pelagic 
habitats within bays (Rogers et al. 1986). Blackburn 
(1979 in Rogers et al. 1986) found a trend of larger 
fish with increasing depth in studies of Ugak Bay 
and Alitak Bay on Kodiak Island. Most species of 
nearshore fish apparently move to deeper water 
in the winter. In Lower Cook Inlet and Southeast 
Alaska, juveniles and other smaller size classes of 
the species of local fish assemblages are found close 
to shore, water temperatures permitting, and larger 
size classes are found farther offshore at depths 
greater than 30 m at all times of the year.

Nearshore areas of the GOA provide rearing en-
vironments for the juveniles of many fish species. 
Important nursery grounds for juvenile flatfishes, 
such as soles and Pacific halibut, are found in waters 
of Kachemak Bay and other waters of Lower Cook 
Inlet, as well as in Chiniak Bay on Kodiak Island 
(Norcross 1998). In Kachemak Bay, summer habitats 
of some juvenile flatfishes are shallower than winter 
habitats. Juvenile flatfish distributions in coastal 
waters are defined by substrate type, typically mud 
and mud-sand, and by depth, typically 10 to 80 m, 
and in the case of Chiniak Bay, by temperature. 
Deepwater and shallow-water assemblages were 
identified for the groundfish communities in both 
Kachemak and Chiniak bays; however, the limiting 
depths were different for these two localities (Nor-
cross 1998, Mueter and Norcross 1999). 

Both salmon and groundfish populations in the 
northeastern Pacific appear to vary annually in 
concert with features of climate, but the responses 
appear to be different (Francis et al. 1998). Patterns 
of year-class strength of some groundfish follow a 
decadal pattern of variability that may be related 
to shifts in large scale atmospheric forcing, while 
others follow a pattern more consistent with El 
Niño Southern Oscillation (ENSO) (Hollowed et al. 
2001). The ENSO and the PDO were shown to be 
independent of one another (Mantua et al. 1997). 
The opposite responses of groundfish and salmon 
(positive) and crab (negative) recruitment to intensi-
fied Aleutian lows may be because different species- 
specific mechanisms are invoked by the same weath-
er pattern. Because the groundfish species described 
by Hollowed and Wooster (1992, 1995) were mostly 
winter spawners, Zheng and Kruse (2000b) hypoth-
esize that strengthened Aleutian Lows increase 
advection of eggs and larvae of groundfish toward 
onshore nursery areas, improving survival. Salmon, 
on the other hand, benefit from increased produc-
tion of prey items under intense lows. The possible 
links between Aleutian lows, PDOs, and ENSO and 
populations of fish and other animals are discussed 
further below and in a recent review paper (Francis 
et al. 1998).

8.2.1 Salmon

The GOA is the crossroads of the world for Pacific 
salmon. Salmon from Japan, Russia, all of Alaska, 
British Columbia, and the Pacific Northwest spend 
part of each life cycle in the GOA (Myers et al. 2000). 
Five species of salmon—pink, chum, sockeye, coho, 
and chinook—are very common in the GOA. These 
species appear in the GOA as early as the first year 
of life (all pink, chum, and ocean type chinook and 
some sockeye); however, others may appear during 
the second (all coho and stream-type chinook and 
most sockeye) and rarely during the third or later 
years (some sockeye) (see Groot and Margolis 1991). 
Ecologically, the salmon species may be divided into 
two broad groups, marine planktivores (pink, chum, 
and sockeye) and marine piscivores (coho and chi-
nook). Further ecological differentiation is apparent 
within planktivores. For example, the size groups 
of plankton consumed by chum and sockeye are  
inferred to be quite different, because chum use 
short stubby gill rakers to separate food from wa-
ter, and sockeye have long feathery gill rakers as 
filters. 

Distribution within the GOA changes with time after 
marine entry (Nagasawa 2000), as salmon disperse 
among coastal feeding grounds according to species 

Table 8.3. Proportion of the Total Species Com-
position of Gulf of Alaska Fish Fauna 
Contributed by the 10 Dominant Fish 
Families in Two Different Surveys.

 Percentage    Percentage   
 of total   of total  
Family1 fish species Family2 fish species

Cottidae 19 Scorpaenidae 10
Cyclopteridae 13 Cottidae 8
Scorpaenidae 8 Pleuronectidae 6
Pleuronectidae 6 Agonidae 3
Stichaeidae 5 Zoarcidae 2
Salmonidae 4 Cyclopteridae 2
Agonidae 4 Stichaeidae 2
Zoaricidae 4 Osmeridae 2
Myctophidae 3 Gadidae 2
Rajidae 2 Hexagrammidae 2

Total 68  39

Source: Hood and Zimmerman 1986. 
1From Quast and Hall (1972).
2From GOA exploratory cruises and resource assessment surveys.
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and stock, age, size, feeding behavior, food prefer-
ences, and other factors (Myers et al. 2000). During 
the first year of marine life, salmon are located in 
estuaries, bays, and coastal areas within the Alaska 
Coastal Current (ACC) and continental shelf (Myers 
et al. 2000). With time and growth, first-year salmon 
move farther away from their river of origin and 
farther offshore. First-year salmon move out of the 
ACC into colder waters in fall and winter of their 
first year at sea. 

Salmon of all ages are thought to exhibit seasonal 
migrations in spring and fall between onshore and 
offshore marine areas. In the fall, salmon of all ages 
move offshore to spend the winter in waters between 
4°C and 8°C that are relatively poor in food, perhaps 
as an energy conservation strategy for surviving the 
winter (Nagasawa 2000). In the spring, salmon move 
onshore into waters that may reach 15°C where food 
sources are relatively abundant. 

Salmon populations overall are at very high levels 
in Alaska, with the notable exceptions of Western 
Alaska chum and chinook populations originating in 
drainages between Norton Sound in the north and 
the Kuskokwim River, west of Bristol Bay (ADF&G 
1998). On Norton Sound, the chum salmon popula-
tions of the Penny and Cripple rivers have exhibited 
very low to zero spawning stocks in the past five 
years. Another notable exception to the record high 
levels of Alaska salmon production are the Kvichak 
River sockeye populations of Bristol Bay, which have 
faltered. Some “off-peak cycle” brood years have 
recently failed to produce as expected (Kruse et al. 
2000b). 

The situation in Western Alaska notwithstanding, 
the 1999 commercial harvest of 404,000 t of salmon 
in Alaska was the second largest in recorded his-
tory behind 1995 (451,000 t) (Kruse et al. 2000b). A 

large portion of the record harvests in 1999 was pink 
salmon from areas adjacent to the GOA, such as 
Prince William Sound (PWS), and Southeast Alaska. 
The status of salmon populations and fisheries in 
the following areas was recently evaluated in terms 
of levels of harvest and spawning escapements: 
areas coincident with habitats in the north central 
GOA of the Steller sea lion, which is listed as an 
endangered species under the Endangered Species 
Act of 1973 (ESA); Kodiak; the Alaska Peninsula; 
and Bristol Bay. All major commercial salmon stocks 
were judged to be healthy, with the exception of the 
Kvichak River off-cycle brood years (Kruse et al. 
2000b). 

Given that marine migration patterns of each stock 
are thought to be characteristic and somewhat 
unique (Myers et al. 2000), the contrast in the sta-
tus of salmon stocks between Western Alaska, and 
Southcentral and Southeast Alaska, offers some 
intriguing research questions about the role of ma-
rine processes in salmon production (Cooney 1984). 
Understanding the processes that connect salmon 
production to climate, marine food production, 
and fishing requires understanding of the marine 
pathways of the salmon through time (Beamish 
et al. 1999b). Therefore, research approaches to 
understanding changes in salmon abundance on an-
nual and decadal scales need to encompass localities 
that are representative of the full life cycle of the 
salmon and, in particular, in estuarine and marine 
environments. Scientific information on freshwater 
localities is far more common than that available for 
estuarine and marine areas. Given the current state 
of information on both hatchery and wild salmon, it 
is highly desirable to focus current and future efforts 
on estuaries and marine areas for understanding 
migratory pathways and other habitats, physiologi-
cal indicators of individual health, trophic dynamics, 
and the forcing effects of weather and oceanographic 
processes (Brodeur et al. 2000). 

8.2.2 Pacific Herring

Pacific herring populations (Funk 2001) occur in the 
northeastern GOA, with commercial concentrations 
in Southeast Alaska (Sitka), PWS, western Lower 
Cook Inlet, and occasionally around Kodiak. Most 
of the historical information on herring in the GOA 
comes from coastal marine fisheries that started 
in Alaska in 1878 (Kruse et al. 2000b); however, 
intensive ecological investigations at the end of 
the twentieth century have added information on 
early life history (Norcross et al. 1999). Herring de-
posit eggs onto vegetation in the intertidal and near 

Table 8.4. Comparison of the Number of Fish 
Families and Species Found at Less 
Than 100 m in Different Regions of 
the Gulf of Alaska.

 Number of  Number of  
Location families species

Kodiak 22 101
Lower Cook Inlet 25 105
Prince William Sound  18 72
Southeast Alaska NA 51

Information summarized from Rogers et al. (1986).

NA = not available.
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subtidal waters in late spring, undergo a period of 
larval drift, and spend the first summer and winter 
nearshore in sheltered embayments. Transport of 
larvae by currents in relation to sites that are suit-
able summer feeding and overwintering grounds is 
likely an important factor affecting survival in the 
first year of life in PWS (Norcross et al. 1999), as is 
the nutritional status of these age-0 herring in the 
fall of the year (Foy and Paul 1999). Some portion of 
the mature herring must migrate annually between 
onshore spawning grounds and offshore feeding 
grounds; however, the geography of the life cycle 
between spawning and maturation is less certain. 

Although the geographic scope of the herring life 
cycle in the Bering Sea is fairly well understood, 
inferences from the Bering Sea to the GOA are not 
direct because of apparent differences in life history 
strategies between the herring of the two regions 
(Funk 2001). Adult herring in the GOA are smaller 
and have shorter life spans than those in the Bering 
Sea. Perhaps GOA herring migrate shorter distances 
to food sources that are not as rich as those available 
to Bering Sea herring, which migrate long distances 
from spawning to feed among the rich food sources 
of the continental shelf break (Funk 2001). Genetic 
analyses indicate that Bering Sea and GOA herring 
populations are reproductively isolated (Funk 2001).

Another ecologically significant characteristic of 
Pacific herring is the temporal change in size at 
age over time (E. Brown, University of Alaska 
Fairbanks, pers. comm., 2000). Annual deviations 
from long-term (1927 to 1998) mean length at age 
for Sitka Sound herring indicate a decadal-scale 
oscillation between positive and negative devia-
tions. This finding is consistent with the reported 
coincidence of size-at-age data for Pacific herring 
with the PDO (Ware 1991). Herring may be affected 
by ENSO events. Decreased catches, recruitments, 
and weight-at-age of herring are at times associ-
ated with ENSO events. Seabirds in the GOA that 
depend on herring and other pelagic forage spe-
cies showed widespread mortalities and breeding 
failures during the ENSO events of 1983 and 1993 
(Bailey et al. 1995b). The similarities between the 
annual patterns of abundance and the location of 
weather systems (annual geographically averaged 
sea-level atmospheric pressure) are not as clear with 
herring as for other fish species, such as salmon. The 
difference may result because herring populations 
tend to be dominated by the occasional strong year 
class, and show considerable variability in landings 
through the years.

The current status of herring populations may be 
closely related to historical fishing patterns. Long-
term changes associated with commercial fishing 
have occurred in the apparent geographic distri-
bution and abundance of GOA herring. Herring- 
reduction fisheries (oil and meal) from 1878 to 1967 
reached a peak harvest of 142,000 t in 1934. That ex-
ploitation rates were high may be inferred from the 
fact that some locations of major herring-reduction 
fisheries, such as Seldovia Bay (Kenai Peninsula 
and Lower Cook Inlet) are now devoid of herring. It 
is speculated that reduction fisheries at geographic 
bottlenecks between herring spawning and feeding 
grounds, such as the entrance to Seldovia Bay and 
the passes of southwestern PWS, were able to apply 
very high exploitation rates to the adult population. 
Harvest management applied by the State of Alaska 
relies on biomass estimates, and harvests are held to 
a small fraction of the estimated biomass. Harvest 
is not allowed until the population estimate rises 
above a minimum or “threshold” biomass level.

Recent statewide herring harvests have averaged 
less than a third of the 1934 peak. Direct compari-
son of past and present catch statistics is problem-
atic, however, because current rates of harvest are 
thought to be substantially below those applied 
in 1934 (Kruse et al. 2000b). Also note that recent 
statewide figures for herring harvests include sub-
stantial harvests from outside the GOA, and her-
ring-reduction fisheries were located in the GOA. 
Populations of herring were targeted for sac roe 
starting in the 1970s and for sac roe and roe-on-kelp 
in the 1980s. Regional herring population status 
is variable. Population levels of herring in PWS 
remained at low levels in 2000, and commercial har-
vests were not allowed in 1994, 1995, and 1996, nor 
since 1998. In 1999, fishing operations were halted 
because of low biomass and poor recruitment. Dis-
ease is strongly suspected as a factor in keeping the 
population levels low. The herring fishery of Lower 
Cook Inlet in Kamishak Bay closed in 1999 after a 
very small catch in 1998 and remains closed because 
of low biomass levels. Catches in the Kodiak fishery 
for herring sac roe are declining. The bait fishery 
in Shelikof Strait was closed in 1999 because of its 
possible relation to depressed Kamishak Bay her-
ring populations. 

Significant questions remain about the geographic 
extent of the stocks to which the biomass estimates 
and fishing exploitation rates may apply in PWS 
(Norcross et al. 1999). The geomorphology of PWS 
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in relation to currents plays an important role in 
determining the retention of larvae in nearshore 
areas conducive to growth and survival. The degree 
to which spawning aggregations of herring may 
represent individual stocks is a significant ques-
tion, because the actual exploitation rate of herring 
in PWS depends on how many stocks are defined. 
Although it is not clear how many stocks of herring 
occupy PWS, conditions seem to favor more than one 
spawning stock (Norcross et al. 1999). 

Water temperatures appear to play important roles 
in growth and survival of age-0 herring. Warm sum-
mer water temperatures may be conducive to growth 
and survival; however, the opposite seems to be true 
of warm water temperatures in spring and winter. 
Increased metabolic demands imposed by warm wa-
ter on yolk-sac larvae and overwintering age-0 her-
ring could decrease survival (Norcross et al. 1999). 
Availability of food before winter, and perhaps dur-
ing winter, may be key to survival of age-0 herring. 
Input of food from the GOA may be an important 
key to survival for age-0 herring at some localities. 
Differential survival among nursery areas because 
of interannual variation in climate and accessibility 
of GOA food sources could be a key determinant of 
year-class strength in PWS. The sources of variabil-
ity mean that geographic locality is no guarantee of 
any particular level of survival from year to year. 
Sampling whole body energy content of age-0 her-
ring at the end of the first winter among bays could 
provide an indicator of year-class strength (Norcross 
et al. 1999).

Questions relating to the ability of disease outbreaks 
to control herring populations have recently been 
explored. Work has identified the diseases, viral 
hemorrhagic septicemia and a fungus, as factors po-
tentially limiting the abundance of herring in PWS 
(Hostettler et al. 2000, Finney et al. 2000). 

8.2.3 Pollock

Pollock are an ecologically dominant and economi-
cally important cod-like fish in the GOA. They appear 
to spawn at the same locations within the same 
marine areas each year, with location of spawning 
and migrations of adults linked to patterns of larval 
drift and locations of feeding grounds (Bailey et al. 
1999). Spawning occurs at depths of 100 to 400 m, and 
as a result, the distributions of eggs and larvae in 
some areas may have been well below the depths of 
historical ichthyoplankton surveys. Pollock larvae 
feed on early developmental stages of copepods and, 
as juveniles, move on to feed on larger zooplankton 
such as euphausiids and small fishes, including  

pollock. Although cannibalism is regarded as signifi-
cant in the Bering Sea, it is not thought to be a sig-
nificant factor in the GOA. Pollock eggs and larvae 
are important sources of food for other zooplankters, 
and year-class strength in pollock is thought to be 
related to abundances of marine mammals and sea-
birds, at least in the Bering Sea. 

Pollock mature at about age 4 and may live as long 
as twenty years (Bailey et al. 1999). Adult wall-
eye pollock are distributed throughout the GOA 
at depths above 500 m. A substantial portion (45 
percent) of the total pollock biomass as well as the 
highest catches per unit effort (CPUEs) of the 1996 
NMFS survey were found at less than 200 m in the 
area between Kodiak and Chirikof islands (Martin 
1997). In the western GOA, the highest pollock 
catches and CPUEs of the 1996 NMFS trawl survey 
were found at less than 200 m, whereas in Yakutat 
and Southeast Alaska the substantial availability of 
pollock to trawl gear persists above 300 m. Pollock 
larger than 30 cm were rarely found above 200 m in 
the eastern GOA in 1996 (Yakutat and Southeast), 
although pollock of all sizes (about 10 to 70 cm) were 
found at all depths down to 500 m in the western 
GOA (Martin 1997). Although pollock are commonly 
found in the outer continental shelf and slope, they 
may also be found in nearshore areas where they 
may be important predators and prey; for example, 
in PWS (Willette et al. 2001). 

Populations of pollock in the GOA are considered to 
be separate from those in the Bering Sea (Bailey et 
al. 1999). Among the most commercially important 
of the GOA groundfish species, exploitable biomasses 
of pollock populations in 1999 were estimated at 
738,000 t, down from a peak of about three million 
t in 1982 (Witherell 1999). Annual numbers of 2-year 
-old pollock entering the fishable population (recruit-
ment) from 198 to 1987 were erratic and usually low-
er than recruitments estimated in 1977 to 1980. 

Following the climatic regime shift in 1978, pollock 
and other cod-like fish have dramatically increased, 
replacing shrimp in nearshore waters as the domi-
nant group of organisms caught in mid-water trawls 
on the shelf (Piatt and Anderson 1996). Recruitment 
in pollock is heavily influenced by oceanographic 
conditions experienced by the eggs and larvae. Good 
conditions for juveniles of the 1976 and 1978 year 
class contributed to the 1982 peak in pollock bio-
mass in the GOA (Bailey et al. 1999). Populations 
have gradually declined since then (Witherell 1999). 
Increasing mortality schedules in 1986 to 1991 may 
indicate increasing predation and deteriorating 
physical conditions for both juveniles and adults in 
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the GOA (Bailey et al. 99). The larger-than-average 
year class for GOA pollock in 1988 may be related to 
high rates of juvenile growth coincident with warm 
water temperatures, lack of winds, low predator 
abundance, and low larval mortality rates (Bailey 
et al. 1996). As has been shown to be the case with 
other groundfish species, GOA pollock recruitments 
are positively correlated with ENSO events (Bailey 
et al. 1995b). 

Issues in the management of pollock that currently 
remain unresolved include the geographic boundar-
ies of stocks, their extent of migration, the effects 
of fishing in one geographic locale on the popula-
tions of pollock and predators in other geographic 
locales, and what controls the annual recruitment 
of young pollock to the fishable populations (Bailey 
et al. 1999). In relation to stock structure, spawn-
ing aggregations in PWS, the Shumagin Islands 
(southwest Kodiak), and Shelikof Strait (separating 
Kodiak from the Alaska Peninsula) may represent 
separate stocks. Conditions of weather and changing 
ocean currents and eddies in the Shelikof Strait have 
the capacity to alter survival of pollock larvae from 
year to year (Bailey et al. 1995a). In particular, the 
effects of shifts in the strength of the ACC on larval 
transport pose important questions for how year-
class strength is determined. In 1996, anomalous 
relaxation of winds resulted in a dramatic increase 
in larval retention in the Shelikof basin. Increased 
larval retention may be favorable to survival of 
pollock larvae in this area, with some exceptions 
(Bailey et al. 1999).

8.2.4 Pacific Cod

Pacific cod is a groundfish with demersal eggs and 
larvae found throughout the GOA on the continental 
shelf and shelf break. Pacific cod of the GOA are also 
an economically and ecologically important species. 
Pacific cod had an estimated fishable population of 
648,000 t in 1999, which is on the low end of the 
range of 600,000 to 950,000 t estimated for 1978 to 
1999. Annual recruitments of GOA Pacific cod have 
been relatively stable since 1978, with exceptionally 
large numbers of 3-year-old recruits appearing in 
1980 and 1998. 

Pacific cod are found throughout the GOA at depths 
less than 500 m. They are most abundant in the west-
ern GOA (Kodiak, Chirikof, and Shumagin islands) 
where Pacific cod larger than 30 cm are found at all 
depths above 300 m, but smaller individuals are rare-
ly found at depths less than 100 m (Martin 1997). 

8.2.5 Halibut

Pacific halibut are common throughout the GOA at 
depths less than 400 m, and halibut are available 
to trawl gear at depths of 500 m (Martin 1997). In 
the 1996 NMFS trawl survey, the largest catches 
and the highest CPUE were found at depths of less 
than 100 m east-southeast of Kodiak on the Alba-
tross Banks (Figure 4.1, chapter 4). In most areas of 
the GOA, the average weight and length of halibut 
caught in trawl gear increases with depth, even 
though the CPUE declines with depth, particularly 
in the western GOA (Shumagin Islands, Chirikof, 
and Kodiak) (Martin 1997). 

The exploitable biomass of the highly prized Pacific 
halibut in 1999 was estimated at 258,000 t, which 
is above average for 1974 to 1999 (Witherell 1999). 
Exploitable biomass of Pacific halibut was also in-
creasing from 1974 to 1988, after which it declined 
slightly.

Pacific halibut appear to undergo decadal-scale 
changes in recruitment, which have been correlated 
with both the 18.6 year cycle for lunar nodal tide 
(Parker et al. 1995) and the PDO.

Biomass of the dominant flatfish in the GOA, the ar-
rowtooth flounder, is approaching two million t. Ar-
rowtooth flounder is not heavily harvested, and their 
biomass has been steadily increasing since 1977.

8.3 SHELLFISH AND BENTHIC   
 INVERTEBRATES
Shellfish are commonly found on or near the surface 
of the seafloor; they are epibenthic as adults, and 
in the water column (pelagic) for varying lengths of 
time as pre-adults. Exceptions to this rule abound, 
particularly among mollusks such as squid, which 
live free of the bottom as adults. Beyond the near-
shore environment (at depths greater than 25 m), 
the shellfish and other invertebrates dominate the 
number of species and the biomass of the bottom, 
just as other assemblages of invertebrates dominate 
the nearshore (see chapter 6). Among the shellfish, 
the arthropods and mollusks often have the largest 
number of species. For example, of 287 species of 
bottom fauna identified in waters deeper than 25 
m in Lower Cook Inlet, more than 67 percent were 
arthropods and mollusks (Feder and Jewett 1986). 
Many of the commercially important species of the 
GOA are dependent for food to a greater or lesser ex-
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tent on benthic invertebrates discussed here. (Com-
mercially important crabs and shrimp are discussed 
below.) Commercial crabs and shrimps, and scallops, 
join the fish species of Pacific cod, walleye pollock, 
halibut, and Pacific ocean perch as members of the 
subtidal benthic food web for part of each life cycle. 
Detritus, bacteria, and microalgae form the base for 
the benthic invertebrates of the GOA continental 
shelf, which are predominantly filter feeders (60 
percent), and detritus eaters (33 percent) (Semenov 
1965 in Feder and Jewett 1986). Small mollusks, 
small crustaceans, polychaete annelids, and other 
worm-like invertebrates make up the filter-feeding 
and detritivore component of this food web. 

Regional differences are pronounced in the benthic 
food webs of the GOA. The eastern GOA has few fil-
ter feeders and lower average biomass relative to the 
northern and western GOA, in large part because of 
the nature of substrates and currents. In particular 
the benthic species composition and productivity in 
the GOA is determined in part by the Alaska Coastal 
Current (ACC), particularly in the embayments and 
fjords (Feder and Jewett 1986). The ACC brings 
freshwater to the environments containing the 
pelagic shellfish larvae and heavy sediment loads 
that define the bottom habitats of the later stages 
of the life cycle. Biomass of filter feeders on the con-
tinental shelf in the western GOA (138 grams per 
square meter [g m–2]) is far higher than that found 
in the northeastern or eastern GOA combined (33.2 
g m–2). Biomasses of detritus feeders in the western 
(31 g m–2) and eastern (12 g m–2) GOA are lower 
than those found in the northeastern GOA (43 g 
m–2). Biomasses of all trophic groups on the shelf 
break are lower than those of the adjacent shelf. The 
distribution of benthic invertebrates in the GOA at-
tests to the validity of the hypothesis that the type 
of bottom sediment, as influenced by proximity to 
alluvial inputs and currents, determines the spe-
cies composition, production, and productivities of 
benthic communities (Semenov 1965 in Feder and 
Jewett 1986). Sediment size is dominant among the 
factors controlling the distribution of benthic species 
(Feder and Jewett 1986).

8.3.1 Crab

The principal commercial crab species in the GOA 
are the king crabs (Paralithodes spp.), the tanner 
crab (Chionoecetes bairdi), and the Dungeness crab 
(Cancer magister). All species have benthic adults 
and pelagic larvae, although the life history strate-
gies vary substantially within and among species. 
For example, the pelagic stages of the red king 
crab are herbivorous; those of the tanner crab are 

carnivorous; and those of the golden king crab do 
not feed until they metamorphose into the benthic 
stages. The benthic stages of all crab species feed to 
a large extent on the less well known invertebrates 
of the benthic environments (Feder and Paul 1980a, 
Jewett and Feder 1983, Feder and Jewett 1986) dis-
cussed briefly above under the shellfish overview.

The status of crab populations is relatively poor in 
comparison to the groundfish populations (Kruse 
et al. 2000a). Crab catches in the GOA have shown 
sharp changes with time, perhaps indicative of 
sensitivity to climatic forcing in some species, to 
fishing, or to a combination of factors (Zheng and 
Kruse 2000b). The red king crab stock of the GOA 
collapsed in the early 1980s and currently shows no 
signs of recovery. The tanner crab populations in 
PWS, Cook Inlet, Kodiak, and the Alaska Peninsula 
have declined to low levels in the early 1990s, and 
harvest levels have been sharply reduced (Kruse et 
al. 2000b).

In a study of time-series data on recruitment for 
fifteen crab stocks in the Bering Sea, Aleutian 
Islands, and GOA, time trends in seven of fifteen 
crab stocks are significantly correlated with time 
series of the strength of Aleutian Low climate re-
gimes (Zheng and Kruse 2000a). Time trends in 
recruitments among some king crab stocks were 
correlated over broad geographic regions, suggest-
ing a significant role of environmental forcing in 
regulation of population numbers for these species. 
The increased ocean productivity associated with 
the intense Aleutian Low and warmer temperatures 
was inversely related to recruitment for seven of the 
fifteen crab stocks. The seven significantly negative 
correlations between ocean productivity and crab 
recruitment were from Bristol Bay, Cook Inlet, and 
the GOA. Crab stocks declined as the Aleutian Low 
intensified. A significant inverse relation between 
the brood strength of red king crab and Aleutian 
Low intensity was reported earlier for one of the 
stocks in this study, red king crab from Bristol Bay 
(Tyler and Kruse 1996). 

Tyler and Kruse (1996, 1997) and (Zheng and Kruse 
2000a) have articulated an explicit series of hy-
potheses linking features of physical and geological 
oceanography to the reproductive and developmental 
biology of red king and tanner crab. The hypotheses 
explain observed relations between climate and re-
cruitment. Tanner and red king crab in the Bering 
Sea are thought to respond differently to the physi-
cal factors associated with the Aleutian Low because 
of the distribution of the different types of sea bottom 
required by the post-planktonic stage of each species. 
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Suitable bottom habitat for red king crabs in the 
Bering Sea is more generally nearshore, whereas 
suitable bottom habitat for tanner crab is offshore. 
Intense Aleutian Low conditions favor surface cur-
rents that carry or hold planktonic crab larvae on-
shore, whereas weak Aleutian Low conditions favor 
surface currents that move larvae offshore. The pro-
cess may not be species specific, but stock specific, 
depending on the location of suitable settling habitat 
in relation to the prevailing currents. In the case 
of red king crab, Zheng and Kruse (2000b) explain 
the apparent paradox of lowered recruitment for 
red king crab during periods of increased primary 
productivity. Red king crab eat diatoms, and show 
a preference for diatoms similar to Thalassiosira 
spp., which dominate in years of weak lows and 
stable water columns. Strong lows contribute to 
well-mixed water columns and a diverse assemblage 
of primary producers, which may be unfavorable for 
red king crab larvae, but favorable for tanner crab 
larvae. Tanner crab larvae eat copepods, which are 
favored by the higher temperatures associated with 
intense lows.

Recently completed modeling studies (Rosenkranz 
1998) support climatic variables as determinants 
of recruitment success in tanner crab. Predominant 
wind direction and temperature of bottom water 
were strongly related to strength of tanner crab 
year classes in the Bering Sea. Northeast winds are 
thought to set up ocean transport processes that 
promote year-class strength by carrying the larvae 
toward suitable habitat. Elevated bottom-water 
temperatures were expected to augment the effect 
of northeast wind by increasing survival of newly 
hatched larvae (Rosenkranz 1998).

8.3.2 Shrimp

The shrimp were once among the dominant benthic 
epifauna in Lower Cook Inlet and Kodiak and along 
the Alaska Peninsula (Feder and Jewett 1986, An-
derson and Piatt 1999) and of substantial commer-
cial importance in the GOA. Five species of pandalid 
shrimp dominated the commercial catches, which 
occurred west of 144°W longitude in PWS, Cook In-
let, Kodiak, and along the Alaska Peninsula (Kruse 
et al. 2000b). Shrimp fisheries in the GOA peaked 
at 67,000 t in 1973, reached 59,000 t in 1977, and 
declined thereafter to the point where shrimp fish-
ing is virtually nonexistent in the GOA today.

Regional fisheries follow the pattern seen for the 
GOA as a whole. The trawl fishery for northern 
shrimp (Pandalus borealis) in Lower Cook Inlet 
peaked at 2,800 t in 1980 to 1981 and was closed 

in 1987 to 1988. The fishery for northern and side-
striped shrimp (P. dispar) along the outer Kenai 
Peninsula peaked at 888 t in 1984 to 1985 and 
closed in 1997 to 1998. The pot fishery for spot (P. 
platyceros) and coonstriped shrimp (P. hypsinotus) 
in PWS increased rapidly after 1978 to its peak har-
vest of 132 t in 1986. This pot fishery then declined 
to its low of 8 t in 1991 and has been closed since 
1992. The trawl shrimp fishery for northern shrimp 
in PWS peaked at 586 t in 1984 and switched to 
sidestriped shrimp in 1987. The PWS trawl fishery 
for sidestriped shrimp peaked at 89 t in 1992, and 
the northern shrimp catch was virtually zero at this 
time. The PWS catch of sidestriped shrimp in 1999 
was 29 t and falling. The Kodiak trawl fishery for 
northern shrimp peaked at 37,265 t in 1971, and 
catch thereafter declined to 3 t in 1997 to 1998. In 
the Aleutian Islands, shrimp catches after the 1978 
season declined precipitously, and the fishery has 
not rebounded since.

8.4 FORAGE SPECIES

8.4.1 Definition

Forage species in the GOA include a broad suite of 
species that are commonly consumed by higher tro-
phic level species (fish, seabirds, and marine mam-
mals). Specific species included in the forage species 
complex vary among authors and management 
agencies. The North Pacific Fishery Management 
Council (NPFMC) groundfish fisheries management 
plan defines the forage species complex as a group of 
species that includes the following (NMFS 2001):

• Smelts (capelin, rainbow smelt, eulachon, and 
family Osmeridae);

• Pacific sand lance (Ammodytes hexapterus);

• Lanternfishes (family Myctophidae); 

• Deep-sea smelts (family Bathylagidae);

• Pacific sandfish (Trichodon trichodon);

• Euphausiids (Thysanopoda, Euphausia,  
Thysanoessa, and Stylocheiron);

• Gunnels (family Pholidae);

• Pricklebacks (family Stichaeidae); and

• Bristlemouths, lightfishes, and anglemouths.

Springer and Speckman (1997) extend this definition 
to include juvenile stages of commercially exploited 
species such as Pacific herring (Clupea pallasii), 
walleye pollock (Theragra chalcogramma), and  
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Pacific salmon (Oncorhynchus sp.). This background 
review focuses on a subset of species that are com-
monly found in coastal or oceanic regions in the Exx-
on Valdez oil spill (EVOS) GOA region. In the shelf 
environment, this subset includes euphausiids, cap-
elin, eulachon, sand lance, juvenile pollock, juvenile 
herring, and juvenile pink salmon (Oncorhynchus 
gorbuscha). In the offshore environment, this subset 
includes common myctophids, such as small-finned 
lanternfishes (Stenobrachius leucopsarus and Dia-
phus theta), and bathylagids, such as the northern 
smoothtongue (Leuroglossus schmidti). 

A more complete description of the life history char-
acteristics of forage species can be found in Hart 
(1973) and NMFS (2001). Table 8.5 summarizes key 
features of the life history characteristics.

8.4.2 Resource Exploitation 

Small amounts of noncommercial forage species are 
taken as bycatch in federal and state fisheries in the 
GOA (NPFMC 2000, NMFS 2001). In an attempt 
to discourage the development of target fisheries 
for forage species, the NPFMC restricts the catch 
of forage species to no more than 2 percent of the 
total landed catch of commercial fisheries in federal 
waters (NMFS 2001). Although the bycatch of non-
commercial forage species tends to be low relative to 
target fisheries for commercially exploited species, 
the percentage of the bycatch relative to regional 
abundances of individual forage species is often not 
known because of the difficulty involved in assessing 
these species.

Pacific salmon fisheries off the coast of Alaska are 
managed by a complex system of treaties, regulations, 
and international agreements. State and federal 
agencies cooperate in managing salmon resources. 
The State of Alaska regulates commercial fisheries 
for salmon within state waters where the majority 
of the catch occurs. Federal agencies control the 
bycatch of juvenile salmon in groundfish fisheries 
through prohibited-species bycatch restrictions 
(NMFS 2001). In the EVOS GOA region, pink salmon 
are primarily harvested by purse seines. Most of the 
pink salmon taken in PWS are of hatchery origin.

State and federal agencies also cooperate in manag-
ing Pacific herring fisheries. Most of the directed 
herring removals occur within state waters and 
are regulated by ADF&G. In federal waters, the 
removals of Pacific herring in groundfish fisheries 
are regulated through prohibited-species bycatch 
restrictions (NMFS 2001) 

State and federal agencies regulate commercial 
removals of walleye pollock. The majority of the 
catch occurs in federal waters; however, small state 
fisheries have started in PWS. In federal waters, 
the catch is regulated by federal agencies based on 
recommended harvest regulations provided by the 
NPFMC. The catch of juvenile pollock is assessed 
within the stock assessment and fisheries evaluation 
(SAFE) reports. Juvenile pollock catch is included 
in considerations regarding annual quotas for this 
species. The lack of a market for juvenile pollock 
less than 30 cm in length serves as an incentive to 
industry to minimize the bycatch of juvenile pollock. 
Efforts to minimize bycatch of juvenile pollock in 
pollock target fisheries include the voluntary adop-
tion of alternative mesh configurations designed to 
reduce the retention of small pollock (Erickson et 
al. 1999).

8.4.3 Assessment Methods and   
 Challenges 

There are several impediments to the development 
of forage species assessments. The diversity of life 
history characteristics confound efforts to develop 
a multipurpose survey to assess forage species as a 
single complex. In addition, several forage species 
are small and pelagic, making them less vulnerable 
to the standard trawl gear used in broad-scale sur-
veys to assess stocks conducted by Alaska Depart-
ment of Fish and Game or National Marine Fisheries 
Service. A high priority should be placed on research 
designed to overcome these impediments.

Several authors have reported on possible trends in 
forage species abundance in the shelf and offshore 
environment (Hay et al. 1997, Blackburn and Ander-
son 1997, Anderson and Piatt 1999, Beamish et al. 
1999a). These papers rely on anecdotal information 
from surveys that were designed to assess the abun-
dance of another species (such as shrimp, salmon, 
crab, or groundfish). Indices of abundance based on 
these data may be subject to error because of prob-
lems with the selectivity of the gear or the limited 
spatial or temporal scope of the surveys. 

An assessment designed for forage species is needed 
to develop an accurate evaluation of the distribution 
and abundance of this important group of species. It 
is unlikely that a single survey would be adequate 
for all forage species; therefore, a variety of survey 
methods should be considered. Potential survey 
methods for forage species are identified in Table 
8.6.
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8.4.4 Hypotheses about Factors   
 Influencing Food Production  
 for Forage Fish Production 

Several hypotheses (summarized below) have been 
advanced to explain trends in forage fish distribution 
and abundance. For the most part, these hypotheses 
are based on research in the shelf and coastal waters 
of the western central GOA ecosystem, including 
Prince William Sound. Detailed process-oriented 
research has been conducted to confirm hypotheses 
for a small number of forage species, although these 
studies were often conducted in a limited geographic 
area representing only a fraction of the range of the 
species.

1. Feeding opportunities for early feeding larvae: 
Shifts in large-scale atmospheric forcing controls 
the structure of marine fish communities in the 
western central GOA ecosystem through its role 
in determining the timing of peak production. 
Species that spawn in the winter and early 
spring will be favored by periods of early peak 
production, while species that spawn in the late 
spring and summer will be favored by periods of 
delayed production (Mackas et al. 1998, Ander-
son and Piatt 1999).

2. Concentration of prey for early feeding larvae: 
Ocean conditions that favor concentration of  
forage fish and their prey will enhance produc-
tion of forage species. The FOCI program iden-
tified a potential mechanism linking increased 
precipitation to enhanced eddy formation and 
reduced larval mortality. Eddies are believed 

to provide a favorable environment for pollock 
larvae by increasing the probability of encoun-
ters between larvae and their prey (Megrey 
et al. 1996). Research is needed to determine 
whether this mechanism may be important 
for other forage fishes within the western and 
central GOA.

3. Prey dispersal for early feeding larvae: An 
inverse or dome-shaped relationship exists 
between the amount of wind mixing and forage 
fish production. Bailey and Macklin (1995b) 
compared hatch date distributions of larval 
pollock with daily wind mixing. This analysis 
showed that first-feeding larvae exhibited high-
er survival during periods of low wind mixing. 
Megrey et al. (1996) speculated that extremes 
in wind mixing would result in reduced pollock 
survival because low wind mixing would reduce 
the availability of nutrients in the mixed layer 
and high wind mixing would lead to reduced 
encounters between pollock and their prey. 

4. Competition for prey: At finer spatial scales, prey 
resources for forage fish may be limited, leading 
to resource partitioning to minimize competition 
between forage fish species that occupy similar 
habitats. Willette et al. (1997) examined the 
diets of juvenile walleye pollock, Pacific herring, 
pink salmon, and chum salmon in PWS. Their 
study revealed that two species pairs (walleye 
pollock and Pacific herring, and pink and chum 
salmon) exhibited a high degree of dietary 
overlap. This finding suggests that in PWS, 
competition for food resources may occur within 
these pairs when food abundance is limited. 

Table 8.5. Summary of Key Life History Characteristics of Selected Forage Species.

    Pacific Walleye Pacific Pink Northern 
  Capelin  Eulachon  sand lance   pollock  herring    salmon   lanternfish  
 Euphausiids:  Mallotus  Thaleichthys  Ammodytes  Theragra  Clupea  Oncorhynchus Stenobrachius  
Characteristics 11 species villosus pacificus hexapterus chalcogramma pallasii gorbuscha leucopsarus

Maximum  age   2 4 5 3 21 18 2 6 
      (years)  

Maximum length 4 25 25 15 80 45 65 9 
  (centimeters)  

Prey  plankti- plankti- plankti- plankti- plankton  plankti- plankton  plankti- 
  vorous vorous vorous vorous and fish vorous and fish vorous

Peak spawning spring spring  spring winter winter- winter- summer unknown— 
       spring spring  winter?

Spawn location unknown intertidal rivers late fall,  pelagic  nearshore rivers unknown 
     early winter  on shelf

Abundance trend unknown  low stable  low stable  unknown low stable  low  high stable unknown 
   (uncertain) (uncertain)

Foraging habitat pelagic— pelagic— pelagic— demersal— mesopelagic— pelagic shelf  pelagic shelf  mesopelagic—  
  mid-water  mid-water  mid-water  0-100 m demersal and   and open ocean outer shelf  
  over shelf over shelf over shelf  over shelf   and open ocean
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Purcell and Sturdevant (2001) found evidence of 
potential competition between zooplanktivorous 
jellyfish and juvenile fishes in PWS. Their study 
showed a high rate of diet overlap in the diets of 
pelagic coelenterates and forage species and that 
these species co-occur spatially and temporally 
in PWS.

5. Prey utilization: Overwintering mortality of for-
age species is dependent on the amount of en-
ergy accumulated during the summer. Field and 
laboratory experiments suggest that the over-
wintering success of both age-0 Pacific herring 
and age-0 walleye pollock may be dependent on 
the amount of energy accumulated during sum-
mer (Foy and Paul 1999, Sogard and Olla 2000). 
However, the early life history strategy of wall-
eye pollock may make them less susceptible to 
starvation during the winter period. Paul and 
Paul (1999) compared the growth strategies 
of larval and age-0 walleye pollock and Pacific 
herring. This comparison revealed that walleye 
pollock metamorphose early, allowing for an 
extended growth period, while Pacific herring 
metamorphose later and accumulate energy for 
overwintering. Rapid growth provides increased 
swimming speed leading to more successful prey 
capture and predator avoidance. The benefits of 
the pollock strategy may allow them to continue 
to grow through the winter (Paul et al. 1998).

8.4.4.1  Food Quality

Efforts to improve understanding of the mechanisms 
underlying the production of forage species would 
benefit from an improved understanding of the prin-
cipal prey utilized by forage species. Although de-
tailed information exists for commercial species such 

as juvenile pollock, salmon, and herring (Cianelli 
and Brodeur 1997, Willette et al. 1997), only limited 
information is available to describe the prey prefer-
ences of many members of the forage fish complex. 
In particular, information is lacking in the case of 
offshore species. 

8.4.5 Hypotheses about Predation on  
 Forage Fish 

By definition, forage species represent an important 
prey resource for many higher-trophic-level consum-
ers (fish, seabirds, and marine mammals). Top-down 
predation pressure on forage fish depends on several 
factors, including predator abundance, the abun-
dance of alternative prey, the density of prey, and 
the patchiness of prey. Changes in these factors will 
influence the relative importance of top trophic-level 
forcing on forage fish production.

Evidence suggests that in some years, fish predation 
may exhibit a measurable effect on forage species 
production in the EVOS GOA region. Anderson and 
Piatt (1999) noted that the post regime shift increase 
in gadoid and pleuronectid fishes coincided with 
marked declines in capelin and shrimp populations. 
They proposed that this inverse relationship could 
be caused by increased predation mortality due to an 
increase in piscivorous (fish-eating) species. Consis-
tent with this hypothesis, Bailey (2000) performed a 
retrospective analysis of factors influencing juvenile 
pollock survival. He provided evidence that during 
the 1980s, pollock populations were largely influ-
enced by environmental conditions, and after the 
mid-1980s, juvenile mortality was higher, resulting 
from the buildup of large fish predator populations. 
In PWS, Cooney (1993) speculated that pollock pre-
dation could explain some of the observed trends in 

Table 8.6. Potential Surveys for Assessment of Selected Forage Species.

Type                   Candidate species

Small mesh mid-water surveys  Euphausiids, capelin, eulachon, juvenile pollock (age 0 and  
   age 1), juvenile herring, small finned lanternfishes,  
   northern smoothtongue 

High-speed near-surface trawls Juvenile salmon

Acoustic mid-water trawl surveys Capelin, eulachon, juvenile pollock, juvenile herring,  
   euphausiids

Small-mesh beach seines Sand lance

Aerial spawning surveys Pacific herring and capelin

Light detection and ranging (LIDAR) Useful for species within the upper 50 m

Monitoring diets of key bird predators Juvenile pollock, capelin, and sand lance
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juvenile salmon survival. He suggested that years of 
high copepod abundance were associated with high 
juvenile salmon survival, because pollock relied on 
an alternative prey resource. In the open ocean, 
Beamish et al. (1999a) proposed that mesopelagic 
fishes transfer and redistribute energy through two 
primary trophic pathways: (1) abundant zooplankton 
to Stenobrachius leucopsarsus and then squid, and 
(2) Stenobrachius leucopsarsus, Diaphus theta, and 
Leuroglossus schmidti to walleye pollock, salmon, 
dolphin, and whales. The division of energy through 
these pathways is thought to influence the amount 
of energy reaching the seafloor.

The importance of forage fish in seabird and marine 
mammal diets has been demonstrated by a number 
of authors (Hatch and Sanger 1992, Springer et 
al. 1996, Kuletz et al. 1997, Ostrand et al. 1998). 
There is little evidence that seabird predation is 
sufficient to regulate the production of forage fishes 
in the EVOS GOA region, however. Therefore, key 
research elements for predation of forage species 
by marine mammals and seabirds should focus on 
the role of oceanographic features in concentrating 
forage species within the foraging range of seabirds 
and marine mammals. 

While only a few studies have examined the im-
portance of gradients (fronts) or water mass char-
acteristics in aggregating forage species for top 
predators in the EVOS GOA region, the importance 
of these features is well known in other regions. In 
the Atlantic, aggregations of capelin appear to be 
associated with strong thermal fronts (Marchland et 
al. 1999). Likewise, climate impacts on the distribu-
tion and productivity of Antarctic krill (Euphausia 
superba) have been shown to produce important 

impacts on higher trophic level consumers (Loeb et 
al. 1997, Reid and Croxall 2001). Hay et al. (1997) 
found that, in warm years, eulachon off the coast 
of British Columbia were more abundant in the 
offshore environment, while in cool years, eulachon 
were more common in the nearshore environment. 
Consistent with the hypothesis of Hay et al. (1997), 
Carscadden and Nakashima (1997) noted a marked 
decline in offshore capelin abundance during a cool 
period in the 1990s in the Atlantic. 

8.4.6 Hypotheses Concerning   
 Contamination

Because of the broad distribution and abundance 
of contaminants, there is little evidence to suggest 
that contaminants regulate the production of forage 
species in Alaska waters. If forage species exhibit 
subpopulation genetic structure, contaminants could 
be influential in the local mortality rate of forage 
fish subpopulations. The small size, short life span, 
and importance as a prey item for higher trophic 
level foragers make forage species ideal indicators 
of regional contaminant levels (Yeardley 2000). For 
example, Roger et al. (1990) noted that the high 
lipid content of eulachons suggests that they may 
be potential integrators of low-level contaminants. If 
forage species are to be used as a regional indicator 
of ecosystem conditions, research is needed to de-
termine whether forage species bioaccumulate toxic 
chemicals. Studies are needed to determine whether 
observed accumulations of toxic chemicals are suf-
ficient to change the mortality rate of forage species. 
If forage species accumulate lethal levels of toxic 
chemicals at the regional level, genetic studies are 
needed to determine whether these populations rep-
resent genetically unique subpopulation segments. 




